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ABSTRACT OF DISSERTATION
LIPOSOMAL TECHNOLOGIES TO IMPROVE GENE DELIVERY
Lipid based nanoparticles (LBNs) are used in myriad applications in medicine from
small molecule drug delivery to mRNA vaccines. A major contributing factor to the
development of the field has been the ongoing development of novel compounds that retain
the functionality of natural lipids but expand upon them through inclusion of functional
moieties that can be applied to specific scientific and biomedical questions. In the body of
this dissertation, an extensive overview of LBNs is provided, focusing primarily on their
use in immune modulation. The research presented herein begins with the synthesis of a
novel class of lipids based on the triazine (TZ) cyanuric chloride. Twelve compounds were
synthesized and assessed for their biophysical behavior and ability to form LBNs. Of the
12 compounds, 10 were able to form nanoparticles and these were assessed for in vitro
toxicity. The toxicity of the nanoparticles differs based on the nanoparticle charge and
approximate that observed for similarly charged compounds. The cationic TZ lipids were
then tested in vitro for their ability to deliver plasmid DNA into cells where they showed
improved efficacy compared with the cationic lipid DOTMA, and similar toxicity. Finally,
TZ lipids were used to lipidate peptides in a liposomal peptide vaccine where they induced
similar anti-peptide titers as a CHEMS conjugate. Following these experiments, the in vivo
toxicity and potential for plasmid delivery was evaluated for the cationic TZ lipids. TZ
lipids led to toxicity similar to other cationic lipids. Of note, the PEG length in the
nanoparticles was studied for its effect on transfection efficiency as was the effect of the
helper lipid in the formulation. These experiments showed improved transfection
efficiency with DOPE and with shorter length PEG chains on the nanoparticle surface.
Evaluation of immune responses toward the transgene studied showed a similar titer
response as the free protein. However, when the protein was delivered with a cationic lipid
as control, titers increased significantly, particularly for the TZ lipid used, which increased
titers 1000-fold. These data provide evidence for continued evaluation of TZ lipids as gene
delivery vectors and as potential vaccine adjuvants. Finally, in continuing the evaluation
of LBNs to improve gene therapy, an LBN based system was evaluated to deplete antiAAV8 antibodies. As one of the most promising strategies to deliver transgenes since AAV
provides an excellent platform that is unfortunately affected by the presence of anti-viral
antibodies. This system, using doxorubicin liposomes coated with recombinant VP1
protein bound to DGS-NTA-Ni lipid or DSPE-PEG2000-Maleimide, failed to deplete
circulating antibodies to AAV. However, the results of the experiments carried out shed
light on how this strategy might be improved upon at a later time. Finally, in an attempt to
better understand the immune targets on AAV, the antibody response toward AAV8 was
tested in human samples from deidentified blood donors and compared with that of mice
and monkeys treated with the virus. Serum from these species was scrutinized for its ability
to neutralize the virus in vitro and evaluated using a peptide array for targets against the
viral capsid protein VP1. Collectively, the studies presented in the body of this dissertation

demonstrate the utility of LBNs in gene delivery, both as vectors and as aids for viral
delivery.
KEYWORDS: Drug delivery, Gene delivery, Immune modulation, Liposome, Vaccines.
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CHAPTER 1: INTRODUCTION TO LIPID NANOPARTICLES AND THEIR UTILITY IN MODULATING
IMMUNE RESPONSES203

1.1

Introduction

As the field of immunobiology evolves and the immune system’s role in disease is
better understood, there’s a need to develop tools to modulate immunity. Lipid
nanoparticles (LNPs), first described in 1964, are structures formed by natural or synthetic
lipids when placed in an aqueous environment and range in size from 20-1000 nm in
diameter. Due to the pliability and applicability of these structures, LNPs provide a tool for
modulating disease and possess great potential for improving outcomes in immunological
diseases.203 LNPs can be optimized to encapsulate both lipophilic and hydrophilic
therapeutics, including biomolecules, like proteins and nucleic acids. LNP therapies
containing small molecules have been approved for anti-cancer, anti-fungal, and antiangiogenic applications, paving the way for their study in modulating immune responses.
More recently, LNP therapies have been approved for siRNA delivery, as well as mRNA
vaccine vectors, demonstrating how far the field has come and how much potential this
strategy has for improving human health. In this chapter, the use of LNP based therapies is
evaluated, focusing primarily on their role in modulating immune responses.
1.1.1 Principles of lipid-based nanoparticles
The term LNP is used to describe several lipid based structures, including micelles,
oil-in-water emulsions, drug-lipid complexes, cochleates and liposomes.204 Liposomes,
which are the primary focus of this chapter, are spherical vesicles composed of a single or
multiple lamellar bilayers that encapsulate an aqueous core. The primary units of liposomes
are lipids that naturally conform to bilayers when placed in aqueous solutions. These
include lipids like phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine,
phosphatidic acid, phosphatidylinositol, phosphatidylglycerol and cardiolipin (Figure 1.1).
Since first described by Bangham and Horne in 1964, liposomes have been evaluated for
applications like drug delivery, gene transfection, imaging, immunizations, as well as to
study biological processes.205-207
LNPs used in therapeutic delivery are made with both natural and synthetic lipids,
taking advantage of the properties conferred by the hydrophilic head group and a
hydrophobic tails of the lipids, as well as different preparation techniques, all of which can
affect the nanoparticle structure and functionality (Figure 1.2).204, 205, 208 Generally,
liposomes are made primarily with cylindrical lipids, as these provide a more stable bilayer
structure.203 However, other lipids are used to alter structural characteristics, such as size
or charge, that improve therapeutic delivery and can alter the interaction of the LNP with
their target biological system.204, 209 For example, dendritic cells will generally take up
smaller, unilamellar liposomes, while macrophages tend to take up larger particles and
when used for protein vaccines, LNPs larger than 100 nm skew the response toward TH1-
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dependent responses, while smaller and multilamellar liposomes skew the response toward
TH2-dependent responses.210

Figure 0.1 Natural phospholipids displayed with 1,2-dioleoyl-sn-glycero (DO) lipid tails.
These lipids also exist in various other forms, such as dimyristoyl (DM - C14), dipalmitoyl
(DP – C16) and distearoyl (DS – C18), among others. Cholesterol is included in many
formulations to improve the fluidity of the LNPs.

In drug delivery, the formulation size also determines the pharmacokinetics of
LNPs, as smaller particles move freely between compartments, while larger ones can be
used as depots in certain tissues.211 In protein vaccines, the fluidity of liposomal vesicles,
2

which can be increased by using smaller or unsaturated lipid tails or by adding cholesterol,
elicits stronger responses compared with more rigid structures made with stearoyl tails.210
Surface charge also plays a role in immunogenicity as cationic particles interact more easily
with cells to induce stronger immune responses and enhance the depot effect of
liposomes.211 212 Moreover, inclusion of bioactive lipids can activate specific cellular
responses. For example, sphingosine-1-phosphate (S1P) can engage with S1P receptors to
mediate vascular and immune function, while eicosanoids can be used in LNPs to regulate
physiological processes mediated by these metabolites.213-217

Figure 1.2: Lipid nanoparticle characteristics and biological activity can be optimized by
altering the lipids used in a formulation. (A) Lipid structure (cylindrical, inverted conical,
conical) dictates LNP architecture (bilayer, micelle, inverted micelles, respectively).
Interactions between lipids, such as ionic interactions between headgroups, can also alter
LNP architecture. (B) Small molecule delivery of water-soluble dugs (hexagons) or
lipophilic drugs can be achieved by encapsulating drugs inside the nanoparticle or the
bilayer itself. Further optimization can be achieved through addition of polymers that
enhance pharmacokinetics (i.e. polyethylene glycol) or targeting (i.e. antibodies). (C)
Liposomal vaccines can be made with both protein immunogens (helical structures) and
adjuvants (triangles), as well as with nucleic acids that encode for immunogenic proteins.
(D) Gene delivery has been made possible with the synthesis of cationic lipids that form
lipoplexes or lipid nanoparticles that entrap nucleic acids.
3

1.1.2 Basics of the immune system
Modulating immune responses requires a basic understanding of the immune
system and its role in disease. A crucial aspect of the immune system is to distinguish self
from non-self. This function is dependent on cellular receptors that recognize pathogen
associated molecular patterns (innate immunity) or highly specific targets on pathogens
that can lead to immunological memory when activated (adaptive immunity).
Innate immune cells recognize pathogens through activation of pattern recognition
receptors (PRRs), such as toll-like receptors (TLRs), often through the help of antigen
presenting cells (APCs) like macrophages and dendritic cells. PRRs recognize pathogen
associated molecular patterns (PAMPs), which are proteins, lipids, glycolipids or nucleic
acids characteristic of pathogens.218 Upon activation, PRRs initiate signaling cascades that
induce the release of cytokines and chemokines to activate and recruit immune cells.
Following activation, APCs upregulate the presentation of pathogen derived peptides, to
activate helper T (TH) cells and cytotoxic T lymphocytes (CTLs). While activated CTLs
induce apoptosis in infected and defective (i.e. oncogenic) cells, TH cells help to enhance
immunity in several ways, including engagement with activated B cells to proliferate,
promote affinity maturation of the antibody variable region, and antibody class switching
from IgM and IgD to IgA, IgE and IgG.218 In addition to responding to pathogens, the
immune system also has mechanisms to inhibit responses against self-antigens and resolve
immune responses after pathogens clearance. These mechanisms take advantage of
inhibitory cytokines like IL-10 and TGF-beta, as well as direct cellular responses with
regulatory T cells (Tregs).218
Because of the nuanced complexity of the immune system, LNPs offer an obvious
mechanism for immune modulation due to the granular nature of these vehicles, which
allows for highly tailorable design. In this context, the inclusion of small molecule
therapeutics, nucleic acids, and immunogens can provide different ways to target specific
immune responses.219-222 This chapter will highlight advances made in the field of LNP
development focused on modulating the immune system with three types of LNPs: 1) LNPs
as small molecule drug carriers; 2) LNPs as vaccines; and 3) LNPs as gene delivery
vehicles. Special attention will be given to the clinical utility of LNPs with lessons learned
from currently approved LNP-based therapeutics that can guide future development of
LNPs with targeted immunomodulatory properties.

1.2 Liposomal vaccines
When considering liposomal immune modulation, especially following the
COVID-19 pandemic, the most obvious clinical examples are liposomal vaccines, which
have started to become a mainstay of modern medicine.223 Research on liposome based
vaccines against diphtheria and mycobacterium were first reported in 1974.224 Since then,
4

efforts in this field have led to two clinically approved virosomal vaccines against influenza
and hepatitis A, and more recently, two mRNA based vaccines against COVID-19 (Table
1.2).223, 225-227 As vaccine vectors, liposomes provide an ideal platform to tailor immune
responses against antigens by incorporating adjuvants that can modulate the immune
response (see figure 1.1), along with antigenic targets.223, 225, 226
LNP vaccines depend on the ability of antigen presenting cells to ingest liposomes
and elicit the activation of immunity toward the targeted antigen, either directly, in the case
of protein based vaccines, or after transduction, with nucleic acid vaccines. 228 With protein
vaccines, processing of liposomal contents by APCs results in activation of PRRs by
liposomal adjuvants and antigen presentation on MHC-II. Professional APCs like
macrophages and dendritic cells are responsible for most liposomal uptake, however B
cells can also act as APCs for encapsulated antigens.213, 228 With nucleic acid vaccines,
protein expression is achieved following transfection of cells, resulting primarily in MHCI presentation and has been associated with CTL activation.229-231
Both antigens and adjuvants can be bound to liposomes via electrostatic interaction
to the lipid surface, covalent and non-covalent anchoring to lipids, and encapsulation
within the lipid bilayer. 213 While all these methods can be optimized to achieve adequate
delivery, the method used can affect the vaccine efficacy. For example, liposomal
encapsulation within the aqueous core protects molecules from degradation, which is
crucial in nucleic acid vaccines and vaccines made with rapidly degrading proteins.228, 232235
However, with protein based vaccines, covalently anchoring antigens to the surface of
the LNP bilayer can significantly enhance antigen immunogenicity. 213 In general, antibody
based responses are stronger when antigens are conjugated to the surface of the
nanoparticle, rather than encapsulated, although cytotoxic T lymphocyte (CTL) responses
are similar with either method. 213
The success of the COVID-19 mRNA vaccines were achieved thanks to many
advances made in liposomal gene delivery, which have allowed for the possibility for
creating vaccines against pathogens and tumors.227, 236, 237 With nucleic acid based
vaccines, antigens are transcribed and processed for presentation on MHC-I to activate a
CTL responses, while the nucleic acid and cationic lipids in the vaccine can activate various
TLRs to enhance the immune response.227, 230, 238-241 DNA vaccines with various cationic
lipids have been engineered against herpes simplex virus 1 (HSV1) and influenza A virus.
237, 242 223, 243
Additionally, the liposomal system Vaxfectin has been used in animal models
to enhance immunity against herpes simplex type 2, measles, influenza, malaria and simian
immunodeficiency virus. 244-248
Early literature on liposomal nucleic acid vaccines focuses primarily on DNA
delivery.229, 230, 249 However, research showed that mRNA delivery leads to both increased
transfection efficiency, as well as immunogenic potential. mRNA formulations have been
tested in various animal models of melanoma, pancreatic cancer and lung cancer, viral
infections, including Ebola virus and of course, COVID-19. 227, 238, 250-252 mRNA produces
robust immune responses because of its ability to target various PRRs (i.e.: TLR 7, TLR8
5

AQUEOUS PHASE ADJUVANTS

etc.) and induce protein production without nuclear translocation. Additionally, the
transient nature of mRNA expression makes it an ideal candidate for vaccine therapy,
where transfection can last long enough to induce an immune response without lasting
expression that could lead to toxicity.253, 254
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Figure 1.3: Adjuvants used in liposomal vaccines to enhance the cellular and humoral
immune responses toward pathogens.
1.3 Liposomal immune modulation with small molecule therapeutics
Small molecule therapeutics can be encapsulated in the aqueous interior (in the case
of water soluble drugs) or incorporated in the bilayer of LNPs (in the case of lipophilic
drugs) (Figure 1.3).255, 256 In LNPs, small molecule therapeutics display increased half-lives
and reduced toxicity, which add to the appeal of this delivery strategy.257 Currently, several
LNP therapeutics have been approved for cancer therapy, fungal disease, analgesia, as well
as photodynamic therapy (Figure 1.3 and Table 1.2).255, 257-259

1.3.1 Principles of liposomal pharmacology based on Doxil
The first liposomal therapeutic approved by the FDA was Doxil, a nanoparticle
consisting of doxorubicin encapsulated hydrogenated soy phosphatidylcholine bilayer,
surrounded by a polyethylene glycol (PEG) corona.259 As with many drugs now delivered
through liposomes, free doxorubicin has an extensive adverse effect profile and poor
pharmacokinetics, despite having great clinical potential. Through years of collaborative
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research, Doxil showed a blood area under the curve increase of 609 mg/hr/L compared to
1 mg/hr/L for free drug.260 Additionally, in the first successful clinical trial to evaluate its
use, Doxil administration led to a 5- to 11-fold increase in tumor drug levels, reduced
toxicity, and increased patient tolerance.261, 262 These findings highlight two of the main
reasons behind the use of liposomal delivery, improved pharmacokinetics and reduced
toxicity. One of the crucial points learned from the development of Doxil was the fact that
liposomes are largely targeted and removed by the reticuloendothelial system, an issue that
was resolved through the incorporation of PEG conjugated lipids that extend circulation
half-life from hours to days.
1.3.2 Immune modulation using small molecule therapeutics
Doxil also provides a great example of how LNPs can be used to modulate
immunity. One issue observed following administration with PEGylated therapeutics is the
development of anti-PEG antibodies that can result in opsonization and accelerated blood
clearance of subsequent doses.263-266 These antibodies are the result of PEG recognizing B
cells that elicit a T cell independent response against the polymer.266 In PEGylated
doxorubicin liposomes, however, the anti-PEG response fails to develop due to cytotoxicity
of doxorubicin on PEG targeting B cells.267 This strategy for immunosuppression has been
explored using ovalbumin, with successful inhibition of antibodies to the immunogenic
protein268, 269 and removal of pre-existing anti-ovalbumin antibodies.270 Methotrexate, a
therapeutic used in cancer and autoimmune conditions, has also been shown to inhibit
immunity toward co-administered proteins when given in a liposomal formulation.271
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Another commonly used liposomal agent is clodronate. Liposomal clodronate,
particularly without PEG, is rapidly taken up by phagocytic cells and leads to their death,
providing a tool to study the role of these cells in various pathologies.272 273 Clodronate
liposomes have also been shown to reduce the severity of thrombocytopenic purpera,274
autoimmune hemolytic anemia,275 and arthritis in mouse and rat models.276, 277
Mannosylation of clodronate liposomes, which improves macrophage targeting, has also
been shown to decrease the severity of the experimental autoimmune encephalomyelitis
(EAE) rat model of multiple sclerosis.278 While most clinically available liposomal drugs
are not tissue specific, LNPs can also be targeted to specific cell receptors through
conjugation with antibodies or other targeting ligands attached to the nanoparticle
surface.279

1.4 Modulation of immune responses through gene delivery vectors
A more complex, but more nuanced way to target and modulate immune responses
is through gene delivery. Without many remarkable advances made in liposomal gene
delivery and the contributions of countless researchers, the mRNA vaccines that helped to
normalize the COVID-19 pandemic would not have been possible. Gene therapy, in a
general sense, seeks to introduce missing/faulty genes or remove/decrease faulty genes
directly or through RNA interference (RNAi).280 In August of 2018, after demonstrating
efficacy in phase III clinical trials, the FDA approved Patisiran, a LNP-based therapy for
the treatment of transthyretin induced amyloidosis (Table 1.3).281 In addition to Patisiran,
the N-acetylgalactosamine based siRNA agent, Givlaari, was approved in 2019 for treating
acute hepatic porphyria and several other siRNA agents are being studied for cancer,
hepatitis, atherosclerosis and other systemic conditions, many using LNP vectors.209, 282-286
1.4.1 Principles of Liposomal Gene Delivery
The simplest strategy of achieving gene therapy is to introduce genes systemically,
with the goal that they will be taken up by cells. However, naked nucleic acids are rapidly
degraded in circulation and yield poor outcomes, especially in vivo. As a result, viral and
non-viral vectors are used to enhance delivery.287-289 Viral vectors use the natural
structures of viruses to insert genes to the host cell/animal. Vectors like adeno-associated
virus (AAV) have acceptable efficacy and safety parameters but also have significant
limitations.290, 291 One of the drawbacks of viral vectors is difficulty associated with their
production and purification. In vivo, viruses also elicit systemic reactions that can lead to
host toxicity and to neutralizing antibody production against the vector, which limits
continued use of gene therapy.287
Non-viral gene delivery encompasses delivery with LNPs, peptides, polymers,
dendrimers, and other nanoparticle strategies.292, 293 Non-viral therapies employ cationic
moieties, such as cationic lipid headgroups (Figure 1.4), to ionically pair with anionic
phosphates on nucleic acids. LNPs achieve this through interaction of pre-formed
liposomes with nucleic acids to form lipoplexes, or encapsulation of nucleic acids within
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the liposome interior to generate what current literature refers to formally as LNPs.209 As
in other areas of liposome research, the efficacy of gene delivery depends on the particle
size (ideally ~100 nm), stability and surface charge of the nanoparticle.209, 290, 294 Some
major contributions to the field are the development of ionizable cationic lipids and the
ethanol loading procedure (and later microfluidic preparation), which improved the
viability of LNPs, yielding higher loading efficiency and reduced toxicity.209 Other
strategies to enhance liposomal gene delivery focus on altering the nucleic acid molecules.
For example, Andrew Gael demonstrated the ability of self-amplifying mRNA to overcome
the limitations of vector molecules by increasing the mRNA bioavailability in cells, while
the work of Drew Weissman and Katalin Kariko demonstrated the role of modified
nucleotides (particularly N1-methyl-pseudouridine) in reducing mRNA immunogenicity
and improving transfection.238, 295-297 Other groups have focused on modifying RNA to
improve the activity, half-life and specificity of these molecules.298, 299
1.4.2 Biology of liposomal gene delivery
Liposomal uptake into cells is cell type dependent. While clathrin- and caveolaemediated endocytosis are the primary mechanisms of lipoplex uptake, other mechanisms,
including macropinocytosis, phagocytosis, receptor mediated endocytosis and fusion with
the cell membrane can contribute to their uptake.232, 291, 300-303 Following endocytosis,
nucleic acids can be degraded once the endosome fuses with a lysosome, an obstacle that
can be overcome through the microfluidic mixing techniques described above, which can
help to produce hexagonal (HII) phase structures (Figure 1.2). around the nucleic acid and
help the nucleic acid escape into the cytosol. 209, 291, 304-306 Once in the cytoplasm, nucleic
acids can act directly on their target proteins (for siRNAs and mRNAs) or be transported
to their final destinations in the nucleus (in the case of DNA).209, 221
Formulation optimization in gene delivery is crucial to delivery in several ways.
For example, addition of dioleoyl phosphatidylethanolamine (DOPE) to a formulation can
improve LNP escape from endosomes.291, 307, 308 PEGylated lipoplexes, which can improve
in vivo delivery by increasing circulation half-life, can also improve endosomal escape
when exchangeable PEG-lipid analogs or cleavable pH sensitive PEG analogs are used in
the formulation.300
Liposomal gene delivery is further complicated in vivo, where nanoparticles must
bypass immune responses, protein adsorption, and biological processes in addition to the
myriad cellular obstacles described above. One positive aspect of LNP delivery is
propensity of LNPs to associate with lipid trafficking proteins like apolipoprotein E
(ApoE), which helps to target LNPs to hepatocytes and neuronal tissues.209 While
circulating lipids cannot cross the blood brain barrier, ApoE is capable of transporting
brain-derived lipids to neurons, improving delivery in this setting. Another major target of
LNPs are the phagocytic cells of the immune system, highlighting the potential therapeutic
utility of LNP therapies in inflammatory and immune mediated diseases.209, 309
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Figure 1.5: Cationic lipids used for gene delivery can be described in six general classes.
Examples of each class are shown above: monovalent lipids (DOTMA, DOTAP),
multivalent lipids (DOGS, DOSPA), guanidinium-containing lipids (UGG), ionizable
lipids (DODMA, DLinDMA, DLinMC3DMA), gemini surfactants (C18-3-18), and
cholesterol analogues (DC-cholesterol).

Targeting specific tissues can also be improved by using antibodies or other surface
molecules. For example, addition of cyclic arginine-glycine-aspartic acid (cRGD) to an
siRNA based formulation helped target the nanoparticles to αVβ3 integrin on A549 lung
cancer cells.310 Targeted delivery of lipoplexes has also been achieved using Listeriolysin
O to target HER2 expressing cells using the luciferase reporter gene on a DNA plasmid.311
Despite their relative safety, a major downside to cationic lipids is their propensity to
induce cell lysis. To reduce cytotoxicity, cationic lipids are often mixed with helper lipids,
like cholesterol and other natural lipids that increase the stability of these formulations.312
The damage resulting from cell lysis during LNP gene delivery can ultimately lead to
activation of the immune system.287 Immunosuppressants like dexamethasone are often
used in the clinical setting to attenuate LNP toxicity.209, 291
1.4.3 Immune modulation using liposomal gene vectors
LNPs provide a highly tailorable vector to modify the immune response of cells at
a genetic level. An example of such a platform involves suppression of TNF, a major
cytokine involved in various inflammatory processes where TNF siRNA was delivered
to reduce inflammation in LPS induced sepsis,313 and in inflammatory bowel disease.314
10

Aldayel et al. also published a study demonstrating the ability of DOTAP based LNPs to
deliver TNF siRNA and reduce inflammation in mouse models of collagen-induced
arthritis and in methotrexate resistant, anti-collagen-induced arthritis.315 The cell cycle
protein, cyclin D1, is a regulatory molecule involved in the proliferation of lymphocytes
during inflammation. In 2008, Peer et al. developed an LNP containing anti-cyclin D1
siRNA with a 7 integrin antibody in a mouse model of colitis. In this study, cyclin D1
reduction led to a decline in inflammation mediated damage to the colon.316 Another
interesting study by Katakowski, et al. showed that delivery of siRNA targeting CD40,
CD80 and CD86 to dendritic cells can inhibit T and B cell activation.317
Like siRNA, miRNA can inhibit the transduction of proteins and have been used in
LNP based systems to target immune responses.285, 318-321 Lipofectamine RNAiMAX
delivery of hsa-miR-199a-3p and hsa-miR590-3p into mice by Lesizza et al. improved
recovery from myocardial infarction compared with untreated mice.322 miR-210, which
can repress mitochondrial metabolism and attenuate keratinocyte proliferation, has been
evaluated by Ghatak, et al. using antiphypoxamiR functionalized gramicidin LNPs
following ischemic injury and showed that countering miR-210 improved healing.323
Although much of the research on LNP for immune modulation has focused on
smaller nucleic acids, due to their efficacy and stability, LNPs can also be used to deliver
DNA in the context of immunotherapy. Using mannose or galactosyl complexed LNPs
encapsulating NFB oligonucleotide, Dinh et al. was able to inhibit osteoclastogenesis in
macrophages,324 while Wijagkanalan et al. found reduced levels of TNF-, IL-1, CINC1, and decreased neutrophil infiltration in a rat model of lung inflammation.325 In 2001,
Iwata, et al. delivered LNPs containing an endothelial nitric oxide synthase (eNOS)
plasmid to show that eNOS upregulation reduced ischemic damage to rat transplant
allografts, following NFB inhibition and reduction of leukocyte infiltration. 326-328 LNPs
containing DNA for interleukin 10 (IL-10) and interleukin 4 (IL-4), which play an essential
role in reducing inflammation related damage and increasing reparative processes, have
been evaluated for reducing inflammation, improving tissue function and prolonging
survival of cardiac allografts in cellular and animal models of cardiac transplant.329-333 IL10 DNA can also improve outcomes in rat models of liver transplant using DOTAP based
liposome formulations.334 LNPs made with techniques such as microfluidic mixing have
also been shown to enhance delivery into difficult to target cells, like mast cells, and reduce
inflammation in allergic and rheumatic conditions.335

1.4 Conclusions
The discoveries that resulted in the optimization and approval of Doxil propelled
research into other areas of liposomal research that have led to the approval of myriad other
therapeutics for clinical use.259 Extension of these strategies to vaccine and gene delivery
has broadened the scope and clinical impact of LNPs, allowing LNP based mRNA vaccines
and siRNA therapeutics to be used in patients.209, 226, 336 As biomedical research delineates
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the molecular mechanism of disease processes, LNP gene vectors constitute a promising
treatment option to be used across many disease states. Much of the research in the field
focuses on siRNA and mRNA delivery. mRNA particularly has been highly successful
within the context of vaccines due to its ability to activate PRRs and to induce higher levels
of antigen and anti-pathogen titers. However, within the context of gene replacement or
gene therapy for immune modulation, wherein therapeutic genes should ideally avoid
immune activation, mRNA may not be the best candidate. An additional challenge to
liposomal gene delivery is the propensity of LNPs toward liver expression due to
trafficking to this organ and to be taken up by hepatocytes, which warrants exploration into
mechanisms to target to other areas.209 Finally, as it pertains to academic research, the high
cost of cationic lipids used for gene delivery makes research in this area difficult to engage
in. Especially since many novel, promising compounds are inaccessible due to commercial
or private patents. Throughout the body of work presented in this dissertation, I attempt to
address some of these concern by developing a novel class of compounds with potential
for gene therapy and evaluating their use in the context of DNA based gene delivery.
Furthermore, as plasmid delivery often fails to induce the same level of gene expression
seen with viral vectors, the later part of the dissertation focuses on the evaluation of a
liposomal system to address the issue of immunity against viral vectors to improve viral
gene delivery through liposomal suppression of B cells.
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Table 1.1 Liposomal vaccines approved for clinical use
Agent

Stage

Therapeutic Class

Therapeutic Target

Indication

REF

Hepatitis A
virosome
(Epaxal)

EMA
Approved

Virosome

Hepatitis A virus

Hepatitis A

337, 338

Influenza
virosome
(Inflexal V)

EMA
Approved

Virosome

Hemagglutinin/neuraminidase

Influenza

339, 340

BNT162b2

FDA
Approved

mRNA vaccine

COVID-19 spike protein

COVID-19

227

mRNA-1273

FDA
Approved

mRNA vaccine

COVID-19 spike protein

COVID-19

227
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Table 1.2 Liposomal small molecule therapeutics approved for clinical use
Agent

Stage

Therapeutic Class

Therapeutic Target

Indication

REF

Amphotericin
B

FDA
Approved

Antifungal

Ergosterol

Fungal infection

258

Anthralin

FDA
Approved

Anthracene

Inhibition of cell proliferation

Psoriasis

341

Bupivacaine

FDA
Approved

Opioid

Opioid Receptor

Pain relief

258

FDA
Approved

Antineoplastic

Nucleoside anti-metabolite

Cytarabine

Neoplastic meningitis

258

Table 1.2 continued

14

Daunorubicin

FDA
Approved

Antineoplastic

Topoisomerase II inhibition

AIDS related Kaposi sarcoma

258

Doxorubicin

FDA
Approved

Antineoplastic

Topoisomerase II inhibition

Various oncologic conditions

258

Irinotecan

FDA
Approved

Antineoplastic

Topoisomerase I inhibition

Pancreatic cancer

258

Mifamurtide

EMA
Approved

Muramyl tripeptide

Tumor monocytes and
macrophages

Osteosarcoma

258

Morphine

FDA
Approved

Opioid

Opioid Receptor

Pain relief

258

Verteporphin

FDA
Approved

Photosensitizer

ROS production, vessel
occlusion

Choroidal neovascularization

258

Vincristine

FDA
Approved

Antineoplastic

Microtubules

Acute lymphoblastic leukemia

258

Table 1.3 Liposomal nucleic acid therapeutics approved for clinical use
Agent

Stage

Therapeutic Class

Therapeutic Target

Patisiran

FDA
Approved

siRNA

Transthyretin

Indication
Transthyretin-related
hereditary amyloidosis

REF
342

CHAPTER 2: CYANURIC CHLORIDE AS THE BASIS FOR COMPOSITIONALLY
DIVERSE LIPIDS
Reproduced from RSC Adv., 2021, 11, 24752-24761. (DOI: 10.1039/D1RA02425F) with
permission from the Royal Society of Chemistry.343
2.1 Introduction
Liposomes provide an optimal vehicle for pharmaceutical delivery due to their
versatility as amphipathic vectors that can be employed for delivering hydrophobic and
hydrophilic agents.217, 302 By altering the lipid composition in these nanoparticles, myriad
properties can be honed to optimize their functionality. In the last few decades, liposome
research has fueled the development of synthetic lipids that improve therapeutic delivery,
particularly of nucleic acids.209 However, the complexity and cost of novel lipids limits
liposome research.204, 217, 344, 345 To overcome this, various groups have developed
synthetic, cationic lipid libraries with the goal of improving siRNA and mRNA delivery
using cost effective and high-throughput schemes, taking advantage of specific chemical
structures that allow for rapid headgroup diversification.344-346
In addition to their utility as gene vectors, liposomes have been investigated
extensively for vaccine development using nucleic acids or proteins295, 347 both as
adjuvants,226 and as antigen vectors.348 Incorporating adjuvants and antigens in a single
formulation also improves antigen exposure to immune cells and enhances the efficacy of
liposomal vaccines.349, 350 However, the need for synthetic lipids that serve as a platforms
to generate structure immunogenicity relationships are critical to advance the field of
liposomal vaccine design.
Chemical entities that facilitate efficient, cost-effective lipid synthesis provide
opportunities to access diverse compositional space for therapeutic delivery. Cyanuric
chloride is a heteronuclear aromatic molecule used as a chemoselective linker due to the
thermally controlled reactivity of its three electrophilic carbons.351 Previous studies have
evaluated the utility of cyanuric chloride for synthesis of a variety of molecules including
dendrimers and ionizable lipids for gene delivery.352, 353 Here, it was hypothesized that by
altering the functionality of the headgroup structure, cyanuric chloride could provide a
simple, cost effective strategy to generate a variety of compounds with lipid-like properties
that could be optimized for therapeutic applications across different areas of research.
In this chapter, cyanuric chloride was used as a linker to generate a library of
triazine (TZ) based lipids with dialkylamines as tails and various small molecule head
groups, chosen due to their cost effectiveness, commercial availability, and diversity in
functional moieties, which provide a platform for future evaluation of an expanded library
of triazine based lipids. Here we discuss the synthetic pathways used to produce these

15

compounds, compare some of the properties conferred by different headgroups and
evaluate the biological utility of the molecules generated through this process.

2.2 Methods
2.2.1 Materials and instrumentation for synthesis of cyanuric chloride lipids and
lipopeptides/lipoproteins
Beta-alanine-tert-butyl
ester,
cyanuric
chloride,
didodecylamine,
diisopropylethylamine (DIPEA), 2-mercaptoethylamine HCl, morpholine, ninhydrin, N,Ndimethyl diaminopropane and trityl chloride were purchased from TCI America (Portland,
OR). Dioctadecylamine was purchased from Sigma-Aldrich (Milwaukee, WI). N-Boc-1,3diaminopropane was purchased from Matrix Scientific (Columbia, SC). 1,2-dimyristoylsn-glycero-3-phosphocholine (DMPC), 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG), 1,2-dioleoylsn-glycero-3-phosphoethanolamine (DOPE), 1,2-di-O-octadecenyl-3-trimethylammonium
propane (DOTMA) and cholesterol were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Solvents for reactions were purchased from various suppliers through
VWR (Radnor, PA). Thin layer chromatography (TLC; Milipore Sigma, Silica gel 60 F254)
was visualized under UV light or with 2% ninhydrin in DMSO. Final compound purity
was assessed via a Waters 2707 Autosampler, Waters 2545 Quaternary Gradient Module
pump and Waters 2998 Photodiode Array Detector following injection into a Waters
XBridge C18 3.5 m column (part no. 186003034) using a water, acetonitrile and methanol
mixture as described in the figures below and detected at 205 and 254 nm. 1H and 13C NMR
spectra were recorded in deuterated chloroform using a Varian 400 MHz or Varian 500
MHz spectrometer equipped with a 5 mm OneProbe (Cambridge Isotope Laboratories,
Inc.; Tewksbury, MA). HR-MS was performed on an Agilent 6230B TOF LC/MS
instrument in positive ion by direct injection of the compounds. Lipopeptide purification
was performed using the Waters system described above.
Two approaches were taken for the synthesis of the TZ lipids: a convergent and a
divergent route. In the convergent approach, two small molecule nucleophiles with
protected, ionizable moieties were reacted with cyanuric chloride through nucleophilic
aromatic substitution (NAS). The resulting monochlorotriazine was then reacted with a
long-chained secondary amine lipid tail (dioctadecylamine or didodecylamine) to yield the
final protected lipid. In the divergent approach, the lipid tail was reacted first to form a
dichlorotriazine, followed by headgroup diversification through addition of various
nucleophilic small molecule moieties as headgroups. In both approaches, the first NAS was
initiated on ice and allowed to stir at room temperature in chloroform for at least 4 hours.
The second substituent was added at room temperature in chloroform and heated to 50 °C
for at least 24 hours. The final NAS reaction was performed in xylenes or dioxane and
heated from room temperature to 80 °C for at least 72 hours. In each reaction, excess
nucleophile or DIPEA served as base. The reactions were monitored at each step via thin
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layer chromatography and characterized by nuclear magnetic resonance and mass
spectrometry. Small molecule nucleophiles with reactant pendant moieties were protected
with acid labile protecting groups and deprotected as the final step in the lipid synthesis
with trifluoroacetic acid in dichloromethane. Figures depicting the intermediate
compounds and final lipids, as well as their NMR spectra and HPLC traces, can be found
in the appendix.
Intermediate A was prepared by adding 1 equiv. of cyanuric chloride to a stirring
solution of chloroform with 2.4 equiv. of beta-alanine-tert-butyl ester and 10 equiv. of
DIPEA on ice. The mixture was allowed to come to room temperature, then heated
overnight at 50 °C. Remaining beta-alanine-tert-butyl ester was removed by washing the
dried product three times with brine. The monochlorotriazine was purified using a 0-30%
ethyl acetate/ CH2Cl2 mixture on silica gel and the final product was eluted from the
column using ethyl acetate, which was evaporated to yield intermediate A (73.8%) (30%
ethyl acetate:chloroform, Rf = 0.88). 1H-NMR (500 MHz, CHCl3)  5.65-5.86 (m, 2NH),
3.56-3.68 (m, 4H), 2.47-2.52 (m, 4H), 1.42-1.48 (m, 18H); 13C-NMR (125 MHz, CHCl3)
 171.18, 165.57, 156.38, 81.13, 36.58, 34.94, 28.07; HRMS MW calculated for
C17H28ClN5O4 (M + H)+: = 402.1903; found: 402.1939.
Intermediate B was prepared by adding 1 equiv. of cyanuric chloride to a stirring
solution of chloroform with 2.4 equiv. of N-Boc-1,3-diaminopropane and 10 equiv. of
DIPEA on ice. The mixture was allowed to come to room temperature, then heated
overnight at 50 °C. Remaining N-Boc-1,3-diaminopropane was removed by washing the
dried product three times with brine. The monochlorotriazine was purified using a 0-30%
ethyl acetate/ CH2Cl2 mixture on silica gel and the final product was eluted from the
column using ethyl acetate, which was evaporated to yield intermediate B (86%) (50%
ethyl acetate:chloroform, Rf = 0.51). 1H-NMR (500 MHz, CHCl3)  4.96-6.51 (m, 4NH),
3.38-3.49 (m, 4H), 3.19 (m, 4H), 1.74 (m, 4H), 1.44 (m, 18H); 13C-NMR (125 MHz,
CHCl3)  168.02, 165.77, 156.17, 79.23, 37.97, 37.56, 30.04, 28.39; HRMS MW calculated
for C19H34ClN7O4 (M + H)+: = 460.2434; found: 460.2505.
2-[(Triphenylmethyl)thio]ethanamine (CAS number: 1095-85-8) was prepared by
an adaptation of the procedure described by Watrelot et al.354 To a stirred solution of 2mercaptoethylamine HCl (1.1 equiv.) in dichloromethane at 0 °C under nitrogen was added
dropwise trifluoracetic acid (TFA, 3 mL) followed by dropwise addition of trityl chloride
(1 equiv.). The reaction was stirred for 2.5 hours at 0 °C then concentrated and diluted in
CHCl3 (10 mL) and washed 3 times with 1 M NaOH and once with brine. The organic
layer was then dried over magnesium sulfate and filtered and evaporated to dryness to
afford the desired compound (92%) without further purification. 1H-NMR (500
MHz,CDCl3)  7.43 (m, 6H), 7.28 (m, 6H), 7.21 (m, 3H), 2.6 (t, J = 6.5 Hz, 2H), 2.32 (t, J
= 6.5 Hz, 2H), 1.21 (bs, 2H, NH2); 13C-NMR (125 MHz, CDCl3)  144.87, 129.56, 127.82,
126.61, 66.50, 41.08, 36.35.
Intermediate C was prepared by adding 1 equiv. of cyanuric chloride to a stirring
solution of chloroform with 1.2 equiv. of beta-alanine-tert-butyl ester and 10 equiv. of
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DIPEA on ice. The mixture was allowed to come to room temperature and reacted for 4
hours until the disappearance of cyanuric chloride was confirmed on TLC (chloroform, Rf
= 0.58). To this mixture 1.1-1.5 equiv. of 2-[(triphenylmethyl)thio]ethanamine was added
and stirred at room temperature for 24 hours. The final compound was dried and dissolved
in ethyl acetate and then purified by washing with 0.5 M HCl three times then twice with
brine. The organic phase was dried over magnesium sulfate and evaporated to yield
intermediate C (97.7-99.3%). Of note, the formation of this product starting with 2[(triphenylmethyl)thio]ethanamine yields an insoluble white solid following the addition
of 2-[(triphenylmethyl)thio]ethanamine, which is extremely difficult to purify and dissolve
for further reactions. 1H-NMR (500 MHz, CHCl3)  7.39 (m, 6H), 7.16-7.28 (m, 9H), 5.676.14 (m, 2NH), 3.51-3.66 (m, 2H), 3.14-3.30 (m, 2H), 2.39-2.50 (m, H4), 1.42-1.47 (m,
9H); 13C-NMR (125 MHz, CHCl3)  171.20, 168.31, 165.39, 146.84, 144.67, 129.45,
127.85, 127.17, 126.69, 81.09, 66.73, 39.60, 36.43, 34.86, 31.40, 28.07; HRMS MW
calculated for C31H34ClN5O4S (M + H)+: = 576.2195; found: 576.2198.
Intermediate D was prepared by adding 1.1-1.5 equiv. of cyanuric chloride to a
solution of chloroform with 1 equiv. of dioctadecylamine and 10 equiv. of DIPEA. The
solution was started at -78 °C and allowed to come to 4 °C overnight. In the morning the
reaction was assessed for the disappearance of the secondary amine using 2% ninhydrin in
DMSO on TLC (3:2 CH2Cl2:hexanes, Rf = 0.95). The completed reaction was dried by
rotary evaporation, then precipitated from chloroform with MeOH and filtered. This
process was repeated twice, and the resulting white powder was resuspended in CHCl3,
dried over magnesium sulfate, filtered and evaporated to dryness to afford intermediate D
(92-95%). 1H-NMR (500 MHz, CHCl3)  3.51 (t, J = 10, 4H), 1.55-1.61 (m, 4H), 1.201.32 (m, 60H), 0.86 (t, J = 10, 6H); 13C-NMR (125 MHz, CHCl3)  169.66, 164.16, 47.75,
31.84, 29.61, 29.58, 29.57, 29.55, 29.49, 29.40, 29.28, 29.15, 27.06, 26.59, 22.60, 14.03;
HRMS MW calculated for C39H74Cl2N4 (M + H)+: = 669.5363; found: 669.5361.
Intermediate E was prepared by adding 1.2 equiv. of beta-alanine-tert-butyl ester to
a solution of chloroform with 1 equiv. of intermediate D and 10 equiv. of DIPEA. The
mixture was stirred at room temperature for 2 hours then heated to 50 °C and allowed to
react overnight. Remaining beta-alanine-tert-butyl ester was removed by washing the
reaction mixture three times with brine. The compound was further purified on a silica gel
column using a 10% ethyl acetate/chloroform mixture to yield intermediate E (51.2%)
(CHCl3, Rf = 0.50). 1H-NMR (500 MHz, CHCl3)  5.52-5.6 (m, NH), 3.57-3.66 (m, 2H),
3.35-3.51 (m, 4H), 2.49 (t, J = 7.5, 2H), 1.52-1.62 (m, 4H), 1.44 (s, 9H), 1.20-1.32 (m,
60H), 0.88 (t, J = 7.5, 6H); 13C-NMR (125 MHz, CHCl3)  171.13, 168.61, 165.12, 164.44,
80.90, 47.33, 47.09, 35.00, 31.83, 29.61, 29.57, 29.54, 29.49, 29.37, 29.30, 29.27, 28.02,
27.73, 26.97, 26.70, 22.60, 14.03; HRMS MW calculated for C46H88ClN5O2 (M + H)+: =
778.6699; found: 778.6692.
Intermediate F was prepared in the same manner as intermediate D using
didodecylamine with a similar product yield (93-95%). 1H-NMR (500 MHz, CHCl3)  3.51
(t, J = 9.5, 4H), 1.54-1.62 (m, 4H), 1.22-1.32 (m, 36H), 0.86 (t, J = 8.5, 6H); 13C-NMR
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(125 MHz, CHCl3)  169.60, 164.08, 47.71, 31.86, 29.55, 29.26, 29.14, 27.02, 26.56,
22.63, 14.07; HRMS MW calculated for C27H50Cl2N4 (M + H)+: = 501.3485; found:
501.3489.
Intermediate G was prepared in the same manner as described for intermediate E
using intermediate F with a similar product yield (50.4%). 1H-NMR (500 MHz, CHCl3) 
5.52-5.6 (t, J = 6.1, NH), 3.58-3.62 (m, 2H), 3.35-3.49 (m, 4H), 2.49 (t, J = 6.5, 2H), 1.501.61 (m, 4H), 1.42 (s, 9H), 1.20-1.29 (m, 36H), 0.86 (t, J = 7, 6H); 13C-NMR (125 MHz,
CHCl3)  171.03, 168.45, 165.11, 164.38, 80.67, 47.28, 47.01, 35.02, 31.78, 29.52, 29.49,
29.48, 29.43, 29.33, 29.24, 29.21, 27.95, 27.69, 26.92, 26.64, 22.54, 13.97; HRMS MW
calculated for C34H64ClN5O2 (M + H)+: = 610.4821; found: 610.4842.
Lipid 1 was prepared by adding 1 equiv. of didodecylamine to a stirring solution of
dioxane containing 2 equiv. of intermediate A and 10 equiv. of DIPEA. The solution was
heated to 80 °C. After at least 48 hours (shorter reaction periods led to reduction in product
yield) the reaction was evaporated using a rotary evaporator and re-dissolved in chloroform
then washed three times with brine. The organic phase was then dried over magnesium
sulfate, filtered, and dried in a rotary evaporator. The resulting solid was purified on a silica
gel column using a chloroform to ethyl acetate mobile phase gradient (1:9 ethyl
acetate:chloroform Rf = 0.5) and confirmed on NMR before being deprotected using a
mixture of 1:1 TFA and dichloromethane and evaporated to dryness to yield lipid 1 (39.752.7%, final product).1H-NMR (500 MHz, CHCl3)  8.30 (s, 2OH), 3.60-3.70 (m, 4H),
3.44-3.54 (t, J = 7.5, 4H), 2.63 (t, J = 5, 4H), 1.56-1.64 (m, 4H), 1.23-1.32 (m, 36H), 0.87
(t, J = 5, 6H) ; 13C-NMR (125 MHz, CHCl3)  196.46, 175.78, 161.64, 154.61, 107.24,
48.06, 36.65, 33.71, 31.82, 29.57, 29.55, 29.53, 29.29, 29.26, 27.77, 26.95, 22.59, 14.02;
HRMS MW calculated for C33H62N6O4 (M + H)+: = 607.4905; found: 697.4904.
Lipid 2 was prepared in the same manner as compound 1 using dioctadecylamine
and yielded compound 2 (21.7-27.6 %, final product). 1H-NMR (400 MHz, CHCl3) d 8.18
(s, 2COOH), 3.39-3.74 (m, 8H), 2.53-2.79 (m, 4H), 1.52-1.64 (m, 4H), 1.18-1.33 (m, 60H),
0.86 (t, J = 6, 6H); 13C-NMR (100 MHz, CHCl3) d 175.64, 161.67, 154.74, 48.24, 36.62,
33.44, 31.89, 29.68, 29.63, 29.60, 29.58, 29.37, 29.33, 27.84, 27.01, 22.66, 14.08; HRMS
MW calculated for C45H86N6O4 (M + H)+: = 775.6783; found: 775.6790.
Lipid 3 was prepared by adding 1 equiv. of didodecylamine to a stirring solution of
dioxane containing 2 equiv. of intermediate B and 10 equiv. of DIPEA. The solution was
heated to 80 °C. After at least 48 hours (shorter reaction periods led to reduction in product
yield) the reaction was evaporated and dissolved in chloroform then washed three times
with brine. The organic phase was then dried over magnesium sulfate, filtered, and dried
using a rotary evaporator. The resulting solid was purified on a silica gel column using a
chloroform to ethyl acetate mobile phase gradient (ethyl acetate Rf = 0.46) and confirmed
on NMR before being deprotected using a mixture of 1:1 TFA in dichloromethane and
evaporated to dryness to yield lipid 3 (32-46.0%, final product).1H-NMR (500 MHz,
CHCl3)  3.28-3.48 (m, 8H), 2.77 (t, J = 7.5, 4H), 1.68 (t, J = 7.5, 4H), 1.48-1.58 (m, 4H),
1.16-1.32 (m, 36H), 0.86 (t, J = 7.5, 6H); 13C-NMR (125 MHz, CHCl3) d 164.88, 46.71,
19

31.90, 29.67, 29.65, 29.63, 29.53, 29.34, 28.04, 27.11, 22.66, 14.10; HRMS MW calculated
for C33H68N8 (M + H)+: = 557.6540; found: 577.5639.
Lipid 4 was prepared in the same manner as compound 3 using dioctadecylamine
and yielded (55.8-56%, final product). 1H-NMR (500 MHz, CHCl3)  3.31-3.49 (m, 8H),
2.82-3.04 (m, 4H), 1.72-1.92 (m, 4H), 1.48-1.58 (m, 4H), 1.17-1.34 (m, 60H), 0.86 (t, J =
7.5, 6H); 13C-NMR (125 MHz, CHCl3) d 164.54, 46.78, 31.83, 29.62, 29.56, 29.45, 29.26,
27.93, 27.05, 22.59, 14.02; HRMS MW calculated for C45H92N8 (M + H)+: = 745.7518;
found: 745.7526. Of note, the peak resolution of this compound was poor and while several
attempts were made to improve the quality of the spectra using various solvents alone and
in combination, as well as various additives, the definition could not be improved beyond
that presented here.
Lipid 5 was prepared by adding 1 equiv. of didodecylamine to a stirring solution of
dioxane containing 2 equiv. of intermediate C and 10 equiv. DIPEA. The solution was
heated to 80 °C. After at least 48 hours (shorter reaction periods led to reduction in product
yield) the reaction was concentrated by rotary evaporation and re-dissolved in chloroform
then washed three times with brine. The organic phase was then dried over magnesium
sulfate, filtered, and dried using a rotary evaporator. The resulting solid was deprotected
using a mixture of 1:1 TFA in dichloromethane and evaporated to dryness. The resulting
solid was purified by silica gel chromatography by first eluting impurities with chloroform
and ethyl acetate, then eluting the final product with methanol. The methanol fraction was
dried and re-dissolved in chloroform before being filtered over magnesium sulfate to yield
lipid 5 (90.6%, final product).1H-NMR (500 MHz, CHCl3)  8.40 (OH), 7.67 (s, NH), 3.473.70 (m, 8H), 2.62-2.75 (m, 4H), 1.55-1.66 (m, 4H), 1.42 (t, J = 8.6, SH), 1.23-1.33 (m,
36H), 0.87 (t, J = 7, 6H); 13C-NMR (125 MHz, CHCl3) d 176.27, 162.51, 161.61, 154.95,
154.41, 117.19, 114.89, 93.02, 48.19 43.93, 36.35, 33.06, 31.81, 30.91, 29.53, 29.52, 29.35,
29.29, 29.24, 27.83, 27.77, 27.61, 26.99, 26.93, 23.31, 22.58, 14.00; HRMS MW calculated
for C32H62N6O2S (M + H)+: = 595.4728; found: 595.4735.
Lipid 6 was prepared in the same manner as compound 5 using dioctadecylamine
and yielded lipid 6 (72.6%, final product). 1H-NMR (500 MHz, CHCl3)  9.01 (s, OH),
7.78 (s, NH), 3.44-3.73 (m, 8H), 2.65-2.74 (m, 4H), 1.53-1.65 (m, 4H), 1.42 (t, J = 8.6,
SH), 1.22-1.31 (m, 6oH), 0.86 (t, J = 7, 6H); 13C-NMR (125 MHz, CHCl3) d 175.46,
162.97, 161.61, 155.09, 154.54, 117.59, 114.71, 48.32, 44.02, 36.83, 33.24, 30.89, 31.01,
29.68, 29.63, 29.59, 29.43, 29.37, 29.33, 27.91, 27.07, 27.02, 23.41, 22.66, 14.08, 13.08;
HRMS MW calculated for C44H86N6O2S (M + H)+: = 763.6606; found: 763.6604.
Lipid 7 was prepared by adding 8 equiv. of morpholine to 1 equiv. of intermediate
D dissolved in chloroform and refluxed overnight. After 48 hours, the reaction was first
washed with 0.5 M NaOH, then brine and the organic phase was evaporated to yield lipid
7 (99.3%, final product) (ethyl acetate, Rf = 0.75). 1H-NMR (500 MHz, CHCl3)  3.67-3.75
(m, 16H), 3.44 (t, J = 7.5, 4H), 1.50-1.57 (m, 4H), 1.22-1.32 (m, 60H), 0.88 (t, J = 7.5,
6H); 13C-NMR (125 MHz, CHCl3) d 165.34, 164.96, 66.84, 46.74, 43.55, 31.84, 29.62,
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29.60, 29.58, 29.57, 29.56, 29.42, 29.27, 27.84, 27.01, 22.60, 14.03; HRMS MW calculated
for C47H90N6O2 (M + H)+: = 771.7198; found: 771.7197.
Lipid 8 was prepared by adding 1 equiv. of intermediate E to 8 equiv. of morpholine
in xylenes or dioxane and heating to 80 °C for 48 hours. The solvent was removed using a
rotary evaporator at 80-90°C and the resulting solid was dissolved in chloroform and
washed three times with 0.5 M HCl then twice with brine. The organic phase contained a
number of impurities and was purified by silica gel chromatography using at 0-10% ethyl
acetate:chloroform mobile phase gradient. The pure product was then confirmed on NMR
before being deprotected using a mixture of 1:1 TFA in dichloromethane and evaporated
to dryness to yield lipid 8 (86.6%, final product). 1H-NMR (500 MHz, CHCl3)  8.23 (m,
OH), 3.66-3.88 (m, 10H), 3.32-3.52 (m, 4H), 2.57-2.75 (m, 2H), 1.50-1.62 (m, 4H), 1.221.32 (m, 60H), 0.86 (t, J = 8, 6H); 13C-NMR (125 MHz, CHCl3) d 171.88, 166.05, 165.33,
165.00, 80.95, 66.91, 46.80, 43.56, 36.48, 35.77, 31.90, 29.68, 29.65, 29.64, 29.64, 27.52,
29.34, 28.13, 27.09, 22.67, 14.09; HRMS MW calculated for C46H88N6O3 (M + H)+: =
773.6991; found: 773.6991.
Lipid 9 was prepared by adding 20 equiv. of N,N-dimethyl-1,3-diaminopropane to
a stirring solution of intermediate F and 10 equiv. of DIPEA in dioxane. The reaction was
allowed to stir at room temperature for 24 hours then heated at 80 °C for another 48 hours.
The reaction was then concentrated using a rotary evaporator and the product was dissolved
in ethyl acetate and washed three times with brine. The organic phase was collected, dried
over magnesium sulfate and concentrated to yield lipid 9 (92.3 %, final product). 1H-NMR
(500 MHz, CHCl3)  5.15 (s, 2NH), 3.36-3.49 (m, 4H), 3.28-3.36 (m, 4H), 2.27 (t, J = 9.6,
4H), 2.16 (s, 12H), 1.59-1.76 (m, 4H), 1.45-1.57 (m, 4H), 1.17-1.28 (m, 36H), 0.83 (t, J =
8.6, 6H); 13C-NMR (125 MHz, CHCl3) d 165.90, 164.89, 57.63, 46.71, 45.44, 39.17, 31.83,
29.62, 29.61, 29.58, 29.56, 29.46, 29.27, 27.99, 27.72, 27.05, 22.59, 14.02; HRMS MW
calculated for C37H76N8 (M + H)+: = 633.6266; found: 633.6270.
Lipid 10 was prepared in the same manner as compound 9 using intermediate D
and yielded lipid 10 (93.4 %, final product). 1H-NMR (500 MHz, CHCl3)  5.20 (s, 2NH),
3.30-3.50 (m, 8H), 2.35 (t, J = 8.4, 4H), 2.22 (s, 12H), 1.64-1.78 (m, 4H), 1.46-1.59 (m,
4H), 1.18-1.32 (m, 60H), 0.83 (t, J = 8.6, 6H); 13C-NMR (125 MHz, CHCl3) d 165.42,
164.73, 57.63, 46.79, 45.37, 39.23, 31.89, 29.68, 29.53, 29.33, 28.03, 27.55, 27.11, 22.66,
14.09; HRMS MW calculated for C49H101N8 (M + H)+: = 801.8144; found: 801.8126.
Lipid 11 was prepared by adding 4-8 equiv. of N-Boc-1,3-diaminopropane to a
stirring solution of dioxane containing 1 equiv. of intermediate G and 10 equiv. of DIPEA.
The solution was stirred at 80 °C for 72 hours after which the solvent was removed using
a rotary evaporator. The resulting solid was then dissolved in chloroform and washed three
times with 0.5 M HCl then twice with brine. The organic phase was dried then purified by
silica gel chromatography using a chloroform to ethyl acetate gradient and the product was
confirmed on NMR before being deprotected using a mixture of 1:1 TFA in
dichloromethane and evaporated to dryness to yield pure lipid 11 (90.3%, final product).
1
H-NMR (500 MHz, CHCl3)  7.98 (s, 3NH), 7.66 (s, OH), 3.38-3.69 (m, 8H), 2.95-3.13
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(m, 2H), 2.54-2.69 (m, 2H), 1.92-2.09 (m, 2H), 1.51-1.64 (m, 4H), 1.22-1.32 (m, 36H),
0.87 (t, J = 5, 6H); 13C-NMR (125 MHz, CHCl3) d 175.48, 154.54, 48.23, 31.82, 29.53,
29.26, 27.73, 27.60, 26.94, 22.59, 14.00; HRMS MW calculated for C33H65N7O2 (M + H)+:
= 592.5273; found: 592.5277.
Lipid 12 was prepared in the same manner as compound 11 using intermediate E
and yielded lipid 12 (44.4%, final product). 1H-NMR (500 MHz, CHCl3)  7.92 (s, 3NH),
7.64 (s, OH), 3.30-3.72 (m, 8H), 2.92-3.20 (m, 2H), 2.51-2.72 (m, 2H), 1.89-2.15 (m, 2H),
1.53-1.63 (m, 4H), 1.20-1.34 (m, 60H), 0.87 (t, J = 7.5, 6H); 13C-NMR (125 MHz, CHCl3)
d 175.51, 154.49, 48.18, 31.84, 29.63, 29.28, 27.73, 26.95, 24.78, 22.60, 14.02; HRMS
MW calculated for C45H89N7O2 (M + H)+: = 760.7151; found: 760.7159.
2.2.2 Lipopeptide synthesis
Lipidation of an ApoA-I peptide spanning the residues 141-184 of the mouse
sequence (ApoA-I141-184) was completed using intermediate D (C18 TZ linker). Resin was
added to a vial, based on 22-40 mg of resin-cleaved and deprotected peptide (sequence
βAGGLSPVAEEFRDRMRTHVDSLRTQLAPHSEQMRESLAQRLAELKSN)
(Elim
Biopharm, Inc.) containing 200 mg of intermediate D and 10 equiv. of DIPEA and stirred
slowly at 35 °C for 72 hours (10.3-23 mg yield). After the reaction was completed, both
compounds were washed extensively with chloroform to remove excess reactants and the
peptide was cleaved from resin and deprotected in 4.7 mL of trifluoracetic acid, 125 μL
ethanedithiol, 125 μL water and 50 μL triisopropylsilane. After 30 minutes this solution
was pipetted through a glass wool filter into a conical vial containing cold diethyl ether (20 ˚C) and left overnight at -20 ˚C. The following morning, the conical vial was centrifuged
at 4000 rpm for 5 minutes and the peptide pellet was resuspended in cold ether and allowed
to sit for one more day at -20 ˚C. Centrifugation was repeated and the resulting pellet was
dried, weighed, and resuspended in a 1:1 mixture of water and tetrahydrofuran at 2 mg/mL.
Concentration was confirmed by absorbance at 205 nm. The resulting products were further
purified via HPLC using a gradient of 50 to 95% acetonitrile in water with 0.1% TFA and
detected at 215 nm using the ChromeScope software provided by Waters. The reaction
yielded 10.3-23.0 mg (46.8-57.5% yield) of purified final lipopeptide product.
2.2.3 Biophysical characterization of lipids and nanoparticles
Lipid nanoparticles were formed by dissolving lipids in chloroform and mixing
them at the ratio described in each figure legend, then drying them into a thin lipid film by
rotary evaporation before being placed under house vacuum overnight. To form liposomes,
the dried lipids were rehydrated in HEPES buffered saline (20 mM HEPES, 145 mM NaCl,
pH 7) (HBS) and sonicated until translucent at 60 °C. Lipoplexes were formed from
liposomes by mixing liposomes and DNA at the specified ratio of positive nintrogens to
negative charges phosphates (N:P ratio) in Opti-MEM (for cells) or HBS for physical
characterization and incubating them at room temperature for at least 12 minutes prior to
use. Nanoparticle size was determined using a Zetasizer Nano ZS (Malvern Panalytical)
with the following settings: four measurements of fifteen, five second runs detected at a
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backscatter angle of 173° at room temperature. The zeta potential for the liposomes was
determined in a DTS1070 folded capillary zeta cell using the following settings: four
measurements of at least 50 runs modelled with the Smoluchowski equation at room
temperature using the automatic settings from the instrument.
2.2.4 Differential scanning calorimetry
The transition temperature (Tm) of the lipids was determined using a Multicell
differential scanning calorimeter (TA Instruments). Liposomes were made with triazine
lipids at a concentration of 10 mM in 20 mM HEPES buffer. These were heated to 60 °C
and sonicated until the solution was translucent. For Tm determination, 250 μLs of the
liposome solution were transferred into reusable Hastelloy ampoules while 250 μLs of the
HEPES solution were transferred to the third ampoule, leaving the reference ampoule
empty. For lipids 7 and 8, which failed to form nanoparticles, 250 μLs of the solution
containing the lipid aggregate were transferred to the ampoules after sonication. Data were
collected over a range of 10-110 °C at a rate of 2 °C/min in a heat-cool-heat cycle. After
the run was complete, the CpCalc 2.1 software package was used to convert the raw data
into a molar heat capacity and the data from the second heating cycle were processed using
Microsoft Excel.
2.2.5 Carboxyfluorescein encapsulation assay
The ability of CC lipids to encapsulate molecules was tested using 5-(6)Carboxyfluorescein (CF) purchased from Acros Organics (Pittsburg, PA), which was
purified using the protocol established by Ralston et al. 355. Briefly, unpurified CF was
dissolved in refluxing ethanol for 3 hours in the presence of activated charcoal and filtered.
The filtrate was diluted in enough distilled water to achieve a 1:2 ethanol/water ratio and
crystalized at -20 °C. The crystalized CF was filtered and washed multiple times with
distilled water and dried overnight. Solid CF was then dissolved in water and 5 M NaOH
to a concentration of 250 mM and passed over an LH-20 Sephadex column. Five mL were
purified on a 10x2 cm column by elution at room temperature with distilled water. CF
eluted as a dark orange-red band that was quantified via absorbance at 492 nm using of
coefficient of 6-CF (76,900 M-1/cm) as described by Weinstein et al.356 For the
encapsulation assay, thin lipid films of CC lipids were prepared as described above. After
evaporating remaining organic solvent overnight, the lipids were resuspended in a solution
of 200 mM CF. Control phosphatidylcholine liposomes were then purified using a PD10
desalting column (GE Life Sciences).
2.2.6 Determination of nanoparticle pKa via TNS fluorescence
Cationic liposome pKa was determined by measuring the fluorescence of 2-(ptoluidino)-6-napthalene sulfonic acid (TNS), as described by Jayaraman, et al.357 For this,
liposomes were from the various cationic lipids were rehydrated in a solution of 10 mM
HEPES, 10 mM MES, 10 mM ammonium acetate and 130 mM NaCl at a pH range of 2.5
to 12. The pH of each formulation was re-assessed to ensure that the pH had not
significantly deviated from the original solution and 180 μL of each formulation was mixed
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with 20 μL of 10 μM TNS in distilled water (for a final TNS concentration of 1 μM). The
solutions were mixed by pipetting and incubated at room temperature for 10 minutes,
before being analysed for fluorescence intensity using a 321 nm excitation and 445 nm
emission wavelengths.
2.2.7 Gel shift assays using plasmid DNA
Nanoparticles consisting of a 1:1 molar ratio of cationic lipid/DOPE were
rehydrated in a 20 mM HEPES solution at pH 4. The nanoparticles were mixed at equal
volumes (5 μL) with plasmid DNA (5 μL) at the amine to phosphate (N:P) ratios indicated
in the figure legends and incubated at room temperature for 10 minutes. For the triazine
lipids the amine quantity per lipid was assumed to be 2 (one per headgroup), while
DOTMA was considered to have 1 amine per lipid. After 10 minutes, 10 μL of the lipoplex
was mixed with 2 μL of 6x loading dye (Boston BioProducts) and loaded onto a 1% agarose
gel containing 0.5 μg/mL of ethidium bromide and run at 100 mV for 60 minutes. The gels
were visualized and photographed using a Bio-Rad ChemiDoc XR system using the
manufacturer’s software.
2.2.8 Cells and mouse strains used for experiments
HEK293T cells, kindly donated by Dr. Gregory Graf of the University of Kentucky
College of Pharmacy, while bone marrow derived macrophages were extracted from the
femurs and tibias of 6-12 week old C57BL/6J female mice as described by Akbar et al. 358,
359
and cultured for 7 days in media containing 20 ng/ml murine M-CSF (Biolegend)
[RPMI 1640 (Life Technologies no. 21870), 10% fetal bovine serum (Gemini), 2.5 mM Lglutamine, 10 mM HEPES, 0.1 mM β2-mercaptoethanol (β2-ME), 100 U/ml penicillin, 0.1
mg/ml streptomycin]. After 7 days, the cells were transferred to tissue culture 96 well plates
(Corning) at a density of 100,000 in 200 μL of medium and allowed to settle overnight for
subsequent assays. C57BL/6J (#000664) mice were purchased from Jackson Labs at 5-6
weeks of age and used in experiments at 7-9 weeks. Mice were sedated using isoflurane
gas prior to blood collection by saphenous vein puncture or subcutaneous (s.c.) injections.
Baseline plasma levels of all experimental parameters were established one week prior to
injections. Blood was collected by superficial temporal vein puncture using a small animal
lancet (Medipoint) into a microcentrifuge tube and centrifuged for 2 min at 13,000 x g.
Plasma was stored at -80 °C for later assays. Mice were housed in a specific-pathogen free
facility at the University of Kentucky, and all experimental procedures were approved by
the University of Kentucky Institutional Animal Care and Use Committee.
2.2.9 Lactate dehydrogenase release (LDH) toxicity assay
For determination of cytotoxicity, mature bone marrow-derived macrophages
(BMDM) were treated with 20 μL of the lipids (concentrations denoted in figure legend)
diluted in 20 mM HEPES buffer, with HEPES buffer as negative control and 10% triton
X-100 as positive control. After 24 hours, the 96 well plates were centrifuged at 200 x g
for 5 minutes to remove debris and 100 μL of media was transferred to an untreated flatbottom 96 well plate. Next, 100 μL of LDH reaction reagent purchased from Cayman
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Chemical (Ann Arbor, MI) was added to each and allowed to sit for 30 minutes at 37 °C.
Absorbance at 490 and 680 nm were measured using a BioTek Synergy H1 plate reader
and the data were processed using Microsoft Excel. Mean values from triplicates are
shown for one of two independent experiments.
2.2.10 Transfection of luciferase plasmid and cell viability
HeLa cells cultured in EMEM (ATCC) supplemented with 10% Fetal Bovine
Serum were transferred to a 96 well plate, in quadruplicate, at a density of 20,000 cells per
well and incubated for 24 hours at 37 °C in 5% CO2. Liposomes made with a 1:1 ratio of
DOPE and TZ lipid were added to a pGL3 Luciferase Reporter Vector (Promega) at N:P
ratios of 2.5, 5 and 10, and incubated at 37 °C for 10 minutes before being diluted in 100
μL of non-supplemented EMEM and added to the cells. Following a four-hour incubation
at 37 °C, the media was changed, and the cells were incubated for another twenty hours, at
which point the cells were lysed with a cell culture lysis reagent at pH 7.8 composed of 25
mM tris-phosphate buffer, 0.7 g/L 1,2-diaminocyclohexane, 10% glycerol, 1% Triton X100, and 1% protease inhibitor cocktail (Millipore). Total protein content was determined
with a bicinchoninic acid assay (G-Biosciences) and luciferase protein expression was
quantified by a luciferase assay (Promega). Cell viability was assessed using a Cell Titer
Blue assay kit (Promega) based on the manufacturer’s instructions. In each of the three
independent experiments performed, transfection was compared with cells treated with
Lipofectamine 3000 (Thermo), following the manufacturer’s instructions, and with DNA
treated cells.
2.2.11 Transfection of plasmid expressing human alpha-1 antitrypsin (hAAT) in vitro
HEK293-T cells were seeded, in triplicate, on 24 well plates at a density of 50,000
cells per well using D-MEM containing 10% fetal bovine serum (Gemini), 100 U/ml
penicillin, 0.1 mg/ml streptomycin and 500 mcg/mL geneticin (VWR) and incubated until
they reached 70-90% confluency. Lipoplexes were formed by combining TZ lipid
liposomes made with a 1:1 ratio of DOPE and TZ lipid in Opti-MEM (Thermo) with human
alpha-1 antitrypsin (hAAT) plasmid DNA (Addgene No. 126704) and incubating for 12
minutes in Opti-MEM, before being added to cells. After 24 hours the media was removed
for evaluation of viability and replaced with fresh media. The cells were then incubated for
another 72 hours and then transferred to 1.5 mL microcentrifuge tubes and centrifuged at
400 rpm for 5 minutes. The media was removed and assessed for hAAT via ELISA and
the cells were lysed using RIPA buffer (Thermo) for determination of total protein
concentration (Thermo). In each of the three independent experiments performed,
transfection was compared with cells treated with Lipofectamine 3000 (Thermo),
following the manufacturer’s instructions, and with DNA treated cells.
2.2.12 Quantification of hAAT expression
For quantification of hAAT expression, 50 μL of goat anti-hAAT polyclonal
antibody (R&D Systems No. AF1268-SP) were plated at a concentration of 1 μg/mL in
carbonate buffer, pH 9.7, in a Greiner High Binding 96 well plate and incubated overnight
25

at 4 °C. The plate was then washed with 200 μL of phosphate buffered saline with 0.1%
Tween-20 (PBS-T) four times and blocked with 100 μL of PBS with 0.05 % casein
(Beantown Chemical, 124240; PBS-C) for 1 hour at 37 °C. The plate was then washed
again, and 100 μL of fresh media from cells were plated, in duplicate, along with a standard
curve made by serially diluting purified hAAT (OriGene No. RG202082) in PBS-C from
50 ng/mL to 0.048 ng/mL and incubated for 1 hour at 37 °C. The plate was then washed
and 50 μL of mouse anti-hAAT monoclonal IgG2a antibody (R&D Systems No.
MAB1268-SP) were plated at a concentration of 1 μg/mL and incubated at 37 °C for 1
hour. The plate was washed again, and 100 μL of HRP conjugated goat anti-mouse IgG2a
(Abcam No. 98698) was added at a 1:5000 dilution and incubated for 30 minutes at 37 °C.
The plate was then washed six times and binding was quantified by incubating the samples
with 100 μL of tetramethylbenzidine (Rockland) for 30 minutes at room temperature,
followed by quenching with 100 μL of 0.5 M H2SO4. Absorbance at 450 nm was recorded
using a BioTek Synergy H1 microplate reader. After quantifying hAAT using the standard
curve, hAAT in each well was normalized to total cell protein in respective plate, which
was quantified using a Pierce BCA Assay Kit (Thermo) using the manufacturer’s
instructions.
2.2.13 Mouse immunizations with ApoA-I peptide
Liposomal immunizations were administered subcutaneously to three groups (n =
5 per group) of eight-week-old female C57BL/6J mice (The Jackson Laboratory) housed
in a specific pathogen-free facility at the University of Kentucky. The immunization,
administered at 8 and 10 weeks of age, consisted of 50 μL of a 20 mM liposomal
formulation prepared with a mixture of DMPC, DMPG, cholesterol, and monophosphoryl
lipid A (MPL; Sigma) at a 15:2:3:0.3 molar ratio and 0.5 mg/ml of lipid-conjugated
peptide. The peptide used for these experiments was the lecithin-cholesterol acyltransferase
domain
of
apolipoprotein
A-I
(sequence
βAGGLSPVAEEFRDRMRTHVDSLRTQLAPHSEQMRESLAQRLAELKSN). As a
control, the original peptide anchor (cholesteryl hemisuccinate) was used to immunize one
group of mice, while two other groups were immunized with the peptide was conjugated
to intermediate D and the third group was immunized with peptide free liposomes. To
assess the efficacy of immunizations, blood was collected by superficial temporal vein
puncture using a small animal lancet (Medipoint) into a microcentrifuge tube and
centrifuged for 10 min at 21000 x g after standing at room temperature for 2 hr. Plasma
was stored at -80 °C for later antibody detection. The mice were sedated during any
procedures using isoflurane gas. All procedures were approved by the University of
Kentucky Institutional Animal Care and Use Committee.
2.2.14 Apolipoprotein A-I peptide titer ELISA
Biotinylated apolipoprotein A-I peptide was diluted to a concentration 2 μg/mL in
phosphate buffered saline with 0.1% Tween-20 (PBS-T) and plated in a 96-well
streptavidin-coated plate (Thermo Fisher No. 05124) using a volume of 100 μL. The
peptide was incubated for 2 h at 37 °C, then washed six times with 200 μL of PBS-T.
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Mouse plasma (100 uL) was serially diluted in phosphate buffered saline containing 0.05%
casein (PBS-C; Beantown Chemical) in duplicate, starting at 1:200 and incubated for 30
minutes at 37 °C. The wells were then washed six times and treated with 100 μL of goat
anti-mouse IgG-HRP (Invitrogen No. 16066) diluted 1:2000 in PBS-C and incubated for
30 minutes at 37 °C before being washed again. Binding was quantified by incubating the
samples with 100 μL of tetramethylbenzidine (Rockland) for 30 minutes at room
temperature, followed by quenching with 0.5 M H2SO4. Absorbance at 450 nm was
recorded using a BioTek Synergy H1 microplate reader. Reciprocal endpoint titers were
then calculated by plotting the absorbance vs. plasma dilution and dividing the slope of the
curve by two times the average of the blank (PBS-C only) wells.
2.3 Results and discussion
The thermally controlled, chemo-selective reactivity of cyanuric chloride provides
a platform to add a multitude of functional headgroups and develop a wide array of
synthetic lipids.351 In general, cyanuric chloride undergoes nucleophilic aromatic
substitution at 0 °C for the first substitution, 25 °C for the second, and 70 °C for the third,
although reactions are influenced by the nucleophilicity and steric hinderance of the
reactants. Using this framework, two dichloro-triazine molecules were generated as the
basis of lipids and several small molecules were tested as headgroups (Fig. 2.1). The
relative scarcity of commercially available long-chain secondary amines (tails) as
compared to the abundance of potential head groups, results in a system in which
compositional diversity was introduced in the headgroups rather than the tails. Therefore,
a divergent approach (based on triazine dendrimer literature describing divergent and
convergent synthetic routes)351 was initially utilized for the synthesis of these compounds
by adding lipid tails to prepare a dichloro-triazine that was further diversified with various
headgroups. This strategy, however, was not viable for all headgroups used, particularly
those with sterically hindered moieties. Therefore, a convergent strategy was attempted by
initiating synthesis with the addition of headgroups to the cyanuric chloride ring to form a
monochloro-triazine to which trails were then added (Fig. 2.1).351 Using these two routes,
the divergent synthesis reduces the total number of reactions needed to prepare a library of
molecules by 25-33% depending on the final composition of the lipids. Synthesis of all
lipids (excluding those containing morpholine) was attempted using both routes for
comparison and the resulting products were characterized by NMR and HRMS. Lipids 14 proceeded well under both routes with similar yields for the convergent and divergent
route using the beta-alanine headgroups (lipid 2: 28% and 22%) and the diaminopropane
headgroups (lipid 4: 56% and 56%). This was not the case for lipids 5 and 6, which
employed trityl-protected cysteamine (Trt-Cys). Divergent synthesis of lipidated dichlorotriazine molecules with Trt-Cys resulted in an insoluble compound with exceedingly low
yield and could only be successfully synthesized using the convergent route with protected
beta-alanine as the first substitution on cyanuric chloride.
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Figure 2.1 Synthetic schemes for TZ lipids depicting divergent (left) and convergent (right) schemes for triazine lipid synthesis.

Since the third addition to the TZ ring is generally more difficult to achieve, and
morpholine is a strong nucleophile,351 lipids 7 and 8 were only synthesized using the
divergent route with overall yields of 91% and 80%, respectively. The divergent route was
also used to synthesize lipids 9 and 10 containing N,N-dimethyldiaminopropane, as well
as lipids 11 and 12 using both beta-alanine and diaminopropane in the headgroup. When
using the convergent approach to synthesize these lipids, the purification of the
monochlorotriazine headgroup molecules in the absence of the lipid tails was problematic
requiring a slow and lengthy purification by column chromatography (>12 hours).
Conversely, the divergent route facilitated synthesis and purification of the final lipids.
While some lipids resulted in similar overall yield between convergent and
divergent routes, the challenges with nucleophilicity, steric hinderance and purification of
intermediate molecules resulted in synthetic preference for one route over the other with
certain headgroups. The divergent route results in increased compositional diversity with
fewer steps and was used to overcome complications with synthesis and purification, while
the convergent route serves as an important complementary role for the synthesis of certain
lipids and will be considered as additional lipids in this library are synthesized.
The utility of the divergent route was then explored further by reacting the C18
dichloro-triazine compound (intermediate D, see Appendix figure 1) with the N-terminal
amine of a protected peptide on rink amide resin. The utility of this reaction provides an
alternative synthetic route to present lipid-anchored peptides in a liposomal bilayer for
vaccination. Using the 44 amino acid sequence from apolipoprotein A-I (ApoA-I) that our
group has previously investigated, we achieved improved yields as compared to previously
described lipopeptide synthesis.360, 361 The ease of lipopeptide synthesis using intermediate
D provides a convenient platform for continued vaccination studies.
Next, we sought to prepare liposomal formulations using each lipid. First, the
transition temperature (Tm) of each compound was determined by forming nanoparticles
of pure lipid via rehydration of thin lipid films in 20 mM HEPES that were sonicated at 65
°C. The resultant nanoparticles were then transferred into Hastelloy ampules to assess the
lipid transition temperature by differential scanning calorimetry. Lipids made with
didodecylamine tails yielded a Tm below 10 °C, while those made with dioctadecylamine
tails ranged from 28-64 °C (Fig. 2.2A and Table 2.1).
All lipids were initially formulated at pH 7 but failed to properly hydrate. Therefore,
hydration of lipids 1 and 2 were tested at increasing pH and found that pH 10 was ideal for
hydration. All other lipids hydrated well under acidic conditions (pH 4). Lipids 7 and 8,
which contained morpholine in the headgroup, failed to form liposomes, alone or in
combination with distearoyl phosphatidylcholine (DSPC) or DSPC and cholesterol from 5
to 90 mol% TZ lipid. Lipids made with isonipecotic acid headgroups also failed to form
liposomes (data not shown), indicating that steric hinderance of the headgroups may
preclude liposome formation. Additionally, while lipids 11 and 12 initially formed
nanoparticles, they were unstable past 24 hours as determined by dynamic light scattering.
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All other lipids formed nanoparticles that appear stable at one month after preparation when
stored at 4 °C, based on dynamic light scattering.
The ten lipids that formed nanoparticles ranged in size from 87 to 383 nm in
diameter (Table 2.1), with no clear trend between diameter and structural characteristics,
such as lipid tail and charge. Lipids with cysteamine as a headgroup achieved the smallest
size, while lipids 11 and 12, exhibited the largest initial diameter. The charges of each
formulation also aligned with the headgroup used and ranged from -75 to 70 mV for anionic
and cationic headgroups, respectively. Lipids 11 and 12, which contained beta-alanine and
1,3-diaminopropane in the headgroup, were hydrated in acidic conditions (pH 4), as they
failed to form in basic conditions (pH 10), yielding a positive charge.
While TZ lipid nanoparticles remained stable for several weeks, it was unclear
whether they could retain therapeutics in their aqueous core, and carboxyfluorescein (CF)
encapsulation was used to test this.356 Unfortunately, when pure TZ lipids were used to
encapsulate CF, they formed a gel with the aromatic compound and future experiments to
encapsulate non-aromatic molecules (i.e.: glucose) are warranted.
Two primary mechanisms of toxicity associated with lipid nanoparticles,
particularly cationic ones, are cell lysis and activation of immune responses.362, 363
Macrophages are among the primary cells responsible for the uptake of nanoparticles from
circulation and are associated with the immune responses observed following in vivo
administration, therefore these cells were chosen to test this aspect of TZ nanoparticles.364
To assess the toxicity of TZ nanoparticles, the lipids were tested for induction of lactate
dehydrogenase (LDH) release from bone marrow derived macrophages (BMDMs) from
C57BL/6J mice. BMDMs were treated with TZ lipids at concentrations ranging from 31.25
to 250 nmoles/mL. As can be seen in Figure 2.2B and Table 2.1, the toxicity of the
nanoparticles ranged between that of the synthetic, cationic lipid DOTMA, and the natural
zwitterionic phospholipid DMPC (Table 2.1). The LD50 values of the cationic lipids are
considerably higher than that of other lipids (132.77 and 180.38 mM for lipids 3 and 4,
respectively), approximating the toxicity of DOTMA (LD50 = 78.45 mM). Lipids 9 and 10
also had higher toxicity than other TZ lipids (LD50 = 337.11 and 260.66 mM, respectively),
which did not differ significantly from DMPC (LD50 = 968.53 mM).

Figure 2.2. (A) Transition temperature of TZ lipids determined by DSC. (B) In vitro
toxicity of triazine lipids. Toxicity of TZ lipids on BMDMs as compared to commercially
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available cationic (DOTMA) and zwitterionic (DMPC) lipids using the lactate
dehydrogenase assay. Liposomes were made by thin film hydration followed by sonication
and used immediately to treat cells for 24 hours, prior to testing LDH release in cell media.
Representative data from one of three independent experiments is shown; bars indicate
mean values for three technical replicates of duplicate experiments +/- SEM.

Having shown great success in preclinical studies, many synthetic lipids with
cationic headgroups are used in gene transfection as commercial reagents for laboratory
use.209 More recently, the first siRNA therapeutic, patisiran, was approved for clinical use
by the United States FDA and two lipid-based mRNA vaccines were approved for
prevention of COVID-19.281, 365 As mentioned earlier, in 2007 Candiani et al. reported a
series of cationic, reducible lipids using cyanuric chloride as a linker.352 These were made
from two single tailed triazine molecules, a cationic diaminopropane headgroup, and joined
via disulphide linker. The Candiani lipids resulted in successful plasmid delivery into cells
and exhibited limited toxicity, suggesting that cationic TZ lipids could be employed in this
manner.352

Figure 2.3. Efficacy of TZ lipids in gene transfection. (A) Gel shift assay of plasmid DNA
complexed with TZ lipids. (B) pKa assessment of cationic lipids measured by TNS
fluorescence at pH range 2.5 to 10. Plots represent the sigmoidal, best fit analysis of one
of three independent experiments. (C-E). Transfection of HeLa cells with luciferase
reporter gene using Lipofectamine 3000 or TZ lipids at an N:P ratio of 10, 5 and 2.5 (left
to right). Bars represent the mean values from one of three representative experiments,
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except for the LDH assay which was performed twice. (C) Luciferase expression in
transfected HeLa cells. (D) LDH release from HeLa cells transfected with luciferase
plasmid, 4 hours after transfection. (E) Viability of cells treated with plasmid and lipids 24
hours after transfection. (F-H) Transfection of HEK293-T cells with hAAT using
Lipofectamine 3000 or TZ lipids at N:P ratios of 6, 3 and 1.5 (left to right). Bars represent
the mean values from one of three representative experiments, except for the viability assay
which was performed twice. (F) hAAT expression 72 hours after transfection based on
ELISA and normalized to total cell protein. (G) LDH release from cells transfected with
hAAT plasmid 24 hours after transfection. (H) Viability of cells treated with plasmid and
lipids 48 hours after transfection. In both experiments, each treatment was compared to
the Lipofectamine control using the Kruskal Wallis non-parametric test. Bars indicate
mean values for triplicates +/- SEM and p = < 0.05.

To determine whether TZ lipids with cationic headgroups 3, 4, 9 and 10 could
complex nucleic acids, nanoparticles made from a 1:1 molar ratio of cationic lipids and
DOPE were incubated with plasmid DNA at increasing ratios of cationic amine (N) to
anionic nucleic acid phosphate (P) and assessed for migration in an agarose gel. This 1:1
molar ratio of DOPE and cationic lipid has been extensively reported in the literature and
provides a simple starting point for assessing the potential of cationic lipid formulations.366,
367
Of note, the N content of TZ lipids are based on the distal aliphatic amines of the
headgroups, but the other amines in the molecules may contribute to complexation. As
shown in Fig. 2.3A, all four lipids complexed DNA at an N:P ratio of 5 or above. By
comparison, DOTMA/DOPE nanoparticles inhibited DNA migration at a ratio of 10 while
DOPE alone was unable to alter migration.
An important component of cationic lipids, which contributes to gene delivery is
the pKa of the nanoparticles.357, 368, 369 This property has a crucial role in the ability of
liposomal nanoparticles to complex with nucleic acids and has been correlated with the
efficacy of nanoparticles.357 Particularly, ionizable lipids with a pKa ranging from 6.2 to
6.4, have been shown to achieve a high degree of efficacy when used to deliver siRNA.209
To assess the pKa of the cationic TZ lipids, liposomes made from these lipids were
rehydrated in buffered solutions ranging from pH 2.5 to 12 and mixed with TNS.
Interestingly, the pKa of the TZ lipids in both sets of lipids reduced by increasing the tail
length of the lipids (Fig. 2.3B), with lipids 3 and 4 varying by almost two units, despite
having the same headgroup. While clear correlations are difficult to assess based on the
few compounds available, the pKa of the lipids did seem to improve with reduced pKa, as
described in previous literature.
The mixture of cationic TZ lipids with DOPE was then used to deliver plasmid
DNA into HeLa cells using a luciferase reporter vector, comparing their efficacy with free
DNA and Lipofectamine 3000.367 As shown in figure 2.3C, all four lipids improved
plasmid transfection compared with naked plasmid, with the shorter tailed lipids (3 and 9)
demonstrating better efficacy than the lipids with C18 tails (4 and 10), which concurs with
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the findings of Candiani et al. who reported improved transfection with shorter length
tails.352 Overall, TZ lipid transfection was only modest compared to Lipofectamine, with
optimal luciferase expression reaching an average of 462 RLU/mg for lipid 9 at an N:P
ratio of 5 (vs. 7937 RLU/mg for lipofectamine), and LDH release and cell viability
approximating that of Lipofectamine (Fig. 2.3D-E). To confirm these findings in a more
clinically relevant context, HEK293-T cells were transfected with a plasmid encoding
human alpha-1 antitrypsin (hAAT) using the same lipid mixtures, and hAAT expression
was assessed by ELISA. As evidenced in figures 2.3F-H, the cationic TZ lipids
significantly improved transfection, except for lipid 10, and exhibited a similar toxicity
profile to that of Lipofectamine.
To assess the characteristics of the lipoplexes, TZ/DOPE liposomes were mixed
with hAAT plasmid DNA at N:P ratios of 0.2, 1 and 5 and their size and charge were
assessed. As evidenced by table 2.2, the sizes and charges of the nanoparticles did not
significantly differ from that of the free nanoparticles in most cases. However, in the case
of lipid 4, there was a considerable increase in size that correlated with the DNA
concentration, suggesting a potential explanation for its low efficacy and toxicity, as larger
nanoparticles have been shown to display reduced uptake.
Finally, given the synthetic versatility of the divergent route to append more
complex moieties, such as peptides, we compared the immunogenicity of a lipopeptide
prepared with C18 TZ linker (intermediate D) with our standard cholesteryl hemisuccinate
anchor in a liposomal formulation. As mentioned above, the modular design of liposomes
allows for combination of antigens and adjuvants to tailor immune responses toward
clinically relevant targets (Fig. 2.4A).226 Liposomal peptide vaccines increase the
bioavailability of antigens by extending their half-life and increasing their concentration in
lymphatic tissues.216 Our lab has previously developed a strategy to induce antibodies
toward apolipoprotein A-I (ApoA-I) in mice, to mimic the immunity observed in humans
toward this protein,360 using a 44 amino acid peptide derived from ApoA-I. To determine
whether TZ lipids can be used in this setting, formulations were prepared with the
respective lipopeptides along with the TLR-4 agonist MPL. Peptides were formulated in
the liposomes (20 mM) at a concentration of 1 mg/mL, or ~1000 peptides per liposome.
C57BL/6 mice were immunized twice with a liposomal vaccine containing one of the
lipopeptide conjugates (Fig. 2.4B) or a control formulation without peptide and reciprocal
endpoint titres (RET) toward the peptide were assessed seven days after the second
immunization. RET from mice immunized with the TZ lipid anchor approximated that of
CHEMS, which has been shown to serve as an optimal peptide anchor for liposomal
immunization.361 These data highlight the utility of TZ lipids as a strategy for peptide
conjugation (Fig. 2.4C) onto liposomal surfaces.
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Figure 2.4. TZ lipids as peptide anchors in liposomal vaccines. (A) Liposomal vaccines
can include various components, including natural phospholipids and adjuvants, to
optimize responses to an immunogen. (B) Lipid linkers anchoring apolipoprotein A-I
peptide to the liposomal vaccine, cholesterol hemisuccinate and intermediate D (C18 TZ).
(C) Reciprocal endpoint titres 7 days after the second of two immunizations compared with
no peptide immunization. Symbols correspond to individual mice and line represents mean
+/- SEM and p = < 0.05.

2.4 Conclusions
The present work demonstrates the utility of cyanuric chloride in the development
of synthetic lipids with a wide potential for therapeutic delivery, based on the properties of
specific headgroups. Furthermore, this strategy provides a simple method to alter the
structure of lipids to optimize lipid properties depending on the desired outcome. This work
expands on previous research demonstrating the utility of this compound in the
development of synthetic structures for drug delivery and provides a novel strategy to
access diverse lipids with relative synthetic ease.344, 346, 351 Furthermore, the present work
supports the evaluation of triazine based compounds in in vivo models based on their
improved ability to deliver genes and their toxicity profile which approximates that of the
DOTMA control.
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Table 2.1 Characterization of triazine lipids.
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Table 2.2 Characteristics of liposomes made with DMPC, DOTMA, and various lipid
combinations, as well as immunization liposomes.
Lipid

Size (nm)

PDI

Charge (mV)

LD50 (M)

DMPC

277  45

0.39 ± 0.01

-9  0.3

969

DOTMA

105  2

0.43 ± 0.06

70  4

78

DOTMA:DOPE (1:1)

104  5

0.28 ± 0.04

28  1

ND

1:DOPE (1:1)

89  1

0.45 ± 0.05

-61  4

ND

2:DOPE (1:1)

85  2

0.29 ± 0.04

-46  2

ND

3:DOPE (1:1)

61  1

0.38 ± 0.01

44  2

ND

4:DOPE (1:1)

64  0.2

0.28 ± 0.02

30  7

ND

9:DOPE (1:1)

76  4

0.57 ± 0.01

38  2

ND

10:DOPE (1:1)

107  2

0.23 ± 0.01

44  2

ND

11:DOPE (1:1)

93  5

0.24 ± 0.01

47  1

ND

12:DOPE (1:1)

98  1

0.34 ± 0.04

52  3

ND

3 Lipoplex (N:P 1)

91 ± 3

0.45 ± 0.01

27 ± 6

ND

3 Lipoplex (N:P 5)

66 ± 1

0.25 ± 0.01

21 ± 1

ND

4 Lipoplex (N:P 1)

225 ± 7

0.39 ± 0.02

35 ± 6

ND

4 Lipoplex (N:P 5)

194 ± 5

0.22 ± 0.00

35 ± 3

ND

9 Lipoplex (N:P 1)

95 ± 4

0.46 ± 0.01

19 ± 1

ND

9 Lipoplex (N:P 5)

65 ± 2

0.35 ± 0.05

24 ± 3

ND

10 Lipoplex (N:P 1)

102 ± 4

0.55 ± 0.08

50 ± 8

ND

10 Lipoplex (N:P 5)

78 ± 1

0.44 ± 0.01

56 ± 5

ND

DOTMA Lipoplex (N:P 1)

97 ± 2

0.23 ± 0.01

34 ± 4

ND

DOTMA Lipoplex (N:P 5)

90 ± 1

0.21 ± 0.00

2±0

ND

Peptide free liposome

113  4

0.40 ± 0.02

ND

ND

CHEMS peptide liposome

194  4

0.23 ± 0.02

ND

ND

peptide 177  4

0.22 ± 0.01

ND

ND

Dioctadecylamine
liposome
ND = Not determined.
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CHPATER 3: IN VIVO ASSESSMENT OF TRIAZINE LIPID NANOPARTICLES AS
TRANSFECTION AGENTS FOR PLASMID DNA

3.1 Introduction
The ability of lipid based nanoparticles to form transfection vehicles depends on
the ionic interaction between cationic lipids and nucleic acids, which allows the
nanoparticle to deliver the nucleic acid payload into cells.291 This field has been largely
expanded by the work of various researchers who have elucidated the structure activity
relationship of cationic lipids and have implemented design elements to optimize gene
delivery.209, 370, 371 In the previous chapter we reported the synthesis of a novel class of
triazine (TZ) lipids, based on cyanuric chloride, that demonstrated potential for nucleic
acid delivery due to their appended cationic moieties.343 These compounds were similar to
the dimerizable, redox-sensitive lipid reported by Candiani, et al. and the compounds
published recently by Pennetta et al.352, 372 We showed that lipoplexes (LP) formed from
triazine lipids result in increased transfection efficiency in vitro, while also displaying
comparatively reduced toxicity.343 However, their in vivo characteristics have not been
evaluated.
Due to the protein levels and transgene immunogenicity achieved with mRNA,
versus plasmid DNA, this type of nucleic acid has become prevalent for liposomal gene
delivery, particularly in the context of vaccines.254 However, the immunogenic potential of
mRNA can deter its use in other forms of gene therapy, such as gene replacement, where
the development of anti-transgene antibodies can lead to clearance and failure of therapies.
Plasmid delivery might therefore have an advantage in this context, since it can lead to
reduced immunogenicity373, 374 and it results in diminished immune system activation,
similar to modified mRNA based nanoparticles.231, 375
One protein of therapeutic potential is the protease inhibitor alpha 1 antitrypsin
(hAAT). While used primarily as a replacement therapy in patients who suffer from hAAT
deficiency, a debilitating condition that causes severe lung damage and other sequelae,
hAAT delivery has shown promising outcomes in other inflammatory diseases due to its
anti-inflammatory activity.376, 377 Like other biologics, hAAT has been shown to induce
antibody responses when administered as a protein.378-383 However, research by Song, et
al. shows that this downside that can be mitigated by administering the protein via
transduction with an AAV8 vector. 373, 384, 385
Previous attempts to deliver hAAT plasmid DNA with liposomal vectors have
resulted in modest outcomes in animals386 and a phase I clinical study,387 although in both
scenarios the levels achieved were subtherapeutic.384, 387 Due to the extensive
characterization of this protein and its immunogenicity, hAAT makes an optimal candidate
for research in evaluating novel cationic lipid compounds within this context. Furthermore,
there are many tools available to study the protein, including plasmids and antibodies
against the protein.
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The studies in the present chapter were designed to assess the utility of TZ lipids in
delivering hAAT plasmid in vivo with associated toxicity and transfection efficiency of
these compounds in mice, using DOTAP as a comparison. Because our in vitro evaluation
was based on the use of LPs we also decided to compare these to lipid nanoparticles
(LNPs), as these are reported to have improved efficacy in vivo.388 Formulations were
developed using the lipids displayed in Figure 1 and based on standard DOTAP
formulations described previously. However, further optimization of the formulations with
triazine lipids was required, leading to several novel findings. Herein, we demonstrate the
ability of optimized TZ lipid formulations to improve in vivo plasmid transfection beyond
that of standard DOTAP formulations and describe the immunologic response targeting the
transgenes using each formulation.

Figure 3.1. Structure of triazine lipids and other lipids used in plasmid formulations.
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3.2 Experimental Methods
3.2.1 Mice and cells
Mice were purchased from Jackson Labs at 5-6 weeks of age and used in
experiments at 7-9 weeks. C57BL/6J (#000664) mice were used for toxicity experiments
shown in Figures 2 and S1, while BALB/cJ (#000651) were used for transfections in all
other figures since the initial route of administration chosen was intravenous. Equal
numbers of male and female mice were used in each experiment. Mice were sedated using
isoflurane gas prior to blood collection by saphenous vein puncture or intraperitoneal (i.p.)
injections. Baseline serum levels of all experimental parameters were established one week
prior to injections. Mice were housed in a specific-pathogen free facility at the University
of Kentucky, and all experimental procedures were approved by the University of
Kentucky Institutional Animal Care and Use Committee #2020-3523. HEK293T cells,
kindly donated by Dr. Gregory Graf of the University of Kentucky College of Pharmacy,
J774A.1 macrophages (ATCC TIB-67) or bone marrow derived dendritic cells were used
for cell experiments and maintained at 37 °C with 5% CO2.
3.2.2 Development of bone marrow derived dendritic cells (BMDCs)
Mature murine dendritic cells were obtained by culture of bone marrow monocytes
as described previously389 using recombinant murine GM-CSF (Biolegend). On day 10 of
culture, lightly adherent cells were detached with gentle washing and moved to a 96-well
flat bottom cell culture plate at a density of 100,000 cells per well, in triplicate, for
experiments.
3.2.3 Development of lipid nanoparticles
Two types of nanoparticles were used for experiments: liposomes and plasmid lipid
nanoparticles (LNPs). In both cases, the lipids used were dissolved in chloroform, mixed
at the ratio described in each figure legend, dried into a thin lipid film by rotary evaporation,
and placed under house vacuum overnight before use. To form liposomes, the dried lipids
were rehydrated in HEPES buffered saline (20 mM HEPES, 145 mM NaCl, pH 7) (HBS)
with a pH of 4 and sonicated until translucent at 60 °C before being mixed with HBS to the
final concentration and pH 7.4. Lipoplexes were formed from liposomes by mixing
liposomes and DNA at a ratio of 6:1 positive to negative charges in Opti-MEM (for cells)
or HBS (for mice) and incubated at room temperature for at least 12 minutes prior to
administration.
To form LNPs, dried lipids were rehydrated to a concentration of 10 mM in ethanol
with 10 μL of 5 M HCl per mL of ethanol and mixed with a solution of DNA at 40 ng/μL
of DNA in 300 mM citric acid, pH 4. The ethanol and aqueous solutions were mixed into
LNPs using the Ignite microfluidic system (Precision NanoSystems) at a ratio of 1:3
ethanol to aqueous, at a rate of 12 mL/min. The LNPs were then transferred into 3 mL
Slide-A-Lyzer cassettes (ThermoFisher # PI87732) and stirred at 200 rpm in 1.5 L of a 300
mM citric acid, pH 4 solution for three hours, followed by three hours in 1.5 L of HBS
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buffer, pH 4 (145 mM NaCl and 20 mM HEPES), before being moved overnight to a 1.5
L solution of HBS, pH 7.4.
3.2.4 Characterization of nanoparticles
Nanoparticle size was determined using a Zetasizer Nano ZS (Malvern Panalytical)
with the following settings: four measurements of fifteen, five second runs detected at a
backscatter angle of 173° at room temperature. The zeta potential for the liposomes was
determined in a DTS1070 folded capillary zeta cell using the following settings: four
measurements of at least 50 runs modelled with the Smoluchowski equation at room
temperature using the automatic settings from the instrument. The concentration of DNA
in LNPs after dialysis was quantified using an AccuClear® Ultra High Sensitivity dsDNA
Quantification Kit (Biotium # 31027) and quantified on a BioTek Synergy H1 plate reader.
Encapsulation efficiencies were determined by comparing the amount of DNA in the LNP
solution vs. the DNA solution used to make them, after disrupting the LNPs with 0.5%
C12E10 (Abcam # ab146563) and adjusting for volume differences (i.e.: excess volume
added during dialysis and dilution volume during ethanol mixture).
3.2.5 Evaluation of in vivo toxicity and hAAT transfection efficiency
Mice were administered 0.1 mL of the liposomal solution i.p. Forty-eight hours
later, the mice were bled for evaluation of serum creatinine (SCr; Crystal Chem no. 80350),
alanine aminotransferase (ALT; AAT Bioquest no. 13803) and interleukin-6 (IL-6;
Biolegend no. 431304) according to manufacturer instructions.
To assess in vivo hAAT transfection efficiency, mice were administered 200 µL
nanoparticles or PBS vehicle i.p. at the doses indicated in the figure legend. Seventy-two
hours after injection the mice were bled again for assessment of ALT levels and hAAT
expression. hAAT levels were determined via ELISA using serum diluted 1:1 in PBS
containing 0.05% casein (PBS-C; 124250; Beantown Chemical), as described previously.4
3.2.6 Flow cytometry
To measure transfection efficiency and subsequent GFP expression in vitro, 5 x 104
HEK293T or J774A.1 cells, or 1 x 105 mature dendritic cells, were plated in 96- well flatbottom sterile cell culture plates and allowed to become confluent or adhere overnight. The
next day, the cells were treated with 200 ng of pDNA encoding for GFP (Addgene product
number 37825), delivered via nanoparticles, and incubated overnight with the
nanoparticles. The media was changed at 24 hours, and after 72 total hours, cells were
trypsinized briefly and transferred to a round bottom 96 well plate for flow cytometric
analysis of viability and GFP expression. Live/ dead staining was performed using Zombie
viability dye (Biolegend) according to manufacturer instructions. Cells were washed and
resuspended in FACS buffer (Mg2+/Ca2+- free Hanks’ balanced salt solution, 2 mM EDTA,
25 mM HEPES and 1% FBS) for fluorescence measurement. The gating schemes used for
all flow cytometry are shown in Figure 3.2.
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DiD liposome uptake was assessed 24 hours after liposome treatment after washing
cells three times with PBS to remove free liposomes prior to trypsinization and staining as
described above. Extension of this experiment to 72 hours (the optimal time for GFP
transfection based on experimental data) resulted in no differences between groups due to
overexposure of the cells to the nanoparticles (data not shown).
For in vivo evaluation of GFP transfection, mice were administered GFP plasmid
(Addgene no. 37825) i.p. using LNPs or LPs at a dose of 10,000 ng of DNA or AAV8 at a
dose of 2 x 109 genome copies per mouse (equating to approximately 200 ng of DNA) and
serum was collected 3 days later to evaluate ALT levels as described above. Seven days
after transfection, mice were euthanized by CO2 inhalation and perfused with 10 mL of
Ca2+/Mg2+-free HBSS followed by 10 mL of HBSS containing 1 mg/mL type IV
collagenase (MP Biomedicals) via the hepatic portal vein. Livers were excised, diced with
a scalpel, and incubated for 30 minutes at 37 °C in RPMI containing collagenase at 1
mg/mL and 50 µg/mL DNAse (MP Biomedicals). Digested liver fragments were gently
pressed through a 0.22 µm mesh filter and the cells were collected, centrifuged at 50 x g
for 3 minutes with the supernatant discarded, and then washed twice more with phosphate
buffered saline. The remaining cell suspension (50 µL) from each liver was then moved to
polycarbonate tubes and diluted 1:10 in FACS buffer containing anti-mouse CD16/32.
After blocking, samples were incubated with fluorescent antibodies directed against mouse
CD45 and CD146 for 30 minutes at 4 °C. These markers were chosen to gate out lymphoid
and epithelial cells on the liver. After 30 minutes, the cells were washed twice in FACS
buffer before being resuspended for fluorescence measurement.
All flow cytometry antibodies, as well as viability dyes, were purchased from
Biolegend. Fluorescence measurement was performed using an Attune NxT flow
cytometer (ThermoFisher).
3.2.7 Quantification of anti-hAAT antibody titers and determination of subclass ratios
To assess the presence of antibodies toward hAAT, 50 μL of hAAT (OriGene
#RG202082) was plated at 2 µg/mL in carbonate buffer, pH 9.7, on a 96 well high binding
plate (Greiner #82050-720) and incubated overnight at 4 °C. The next day, the plates were
washed with PBS containing 0.1% Tween-20 (PBS-T) and blocked for 1 hour with PBS-C
at 37 °C. After blocking, serum samples were plated at dilutions ranging from 1:100 to
1:1,000,000 and incubated at 37 °C for 2 hours. Secondary antibody (goat anti-mouse IgG
HRP; Invitrogen #16066) diluted 1:2000 was applied for 30 min at 37 °C, followed by a
30 min. incubation with tetramethylbenzidine (Rockland). Absorbance at 450 nm was
recorded using a BioTek Synergy H1 microplate reader. Reciprocal endpoint titers were
determined by plotting A450 values versus known dilutions, calculating the slope of that
line, and dividing the slope by two times the average of the blank (no serum) wells.
Anti-hAAT IgG subclass ratios were assessed as described above, using a single
1:100 sample dilution and the following detection antibodies: goat anti-mouse IgG1-HRP
(Abcam ab98693) at 1:10,000, IgG2a-HRP (Abcam ab98698) at 1:5000, IgG2b-HRP
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(Abcam ab98703) at 1:10,000 and IgG3 (Jackson 115-035-209) at 1:5000. Subclass ratios
were calculated by dividing the absorbance of each subclass by that of IgG1 for each
individual mouse.

Figure 3.2. Schemes for flow cytometry analysis. A. Scheme for GFP quantification in
HEK293T cells stained with Zombie NearIR Dye after transfection with GFP plasmid with
LNPs. B. Scheme for GFP quantification in mouse splenocytes stained with anti-CD45APC and anti-CD146-PE/Cy7 after transfection with GFP plasmid in nanoparticles or
AAV8. C. DiD quantification in APCs stained with Zombie Green Dye after treatment with
DiD liposomes. D. GFP quantification in APCs stained with Zombie NearIR Dye after
treatment with GFP plasmid in nanoparticles.
3.2.8 Data analysis and statistics
Data were organized and analysed using Graph Pad Prism v.9 for Windows. Groups
were compared as described in the figure legends; *p <0.05; **p <0.01; ***p <0.001;
****p <0.0001. In all figures, only statistically significant comparisons are shown.
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3.3 Results and discussion
Prior to conducting in vivo transfections, the toxicity of cationic TZ lipids was
assessed using the two compounds that demonstrated the highest efficacy in vitro (triazine
lipids 3 and 9, or TZ3 and TZ9).343 To test toxicity of TZ lipids, male and female C57BL/6J
mice were administered TZ LNPs at 10 and 20 mM intraperitoneally (i.p.) in HEPES
buffered saline. Seventy-two hours after administration, serum levels of alanine
aminotransferase (ALT), interleukin 6 (IL-6), and creatinine (SCr) were tested and
compared with baseline levels drawn one week prior (figure 3.3). Administration of LNPs
formulated with 20 mM pure TZ9 lipid led to significant elevations in ALT and IL-6 and
additionally, three of the ten mice in this group died. SCr levels in TZ9- treated mice were
also elevated but did not reach statistical significance. ALT and IL-6 levels trended upward
in mice treated with TZ3; however, neither these nor the IL-6 elevation in DOTAP-treated
mice reached statistical significance. SCr levels were elevated but heterogeneous in TZ9treated mice, while neither of the other two treatments caused SCr increases. Similarly,
mice treated with 10 mM TZ9 showed statistically significant increases in ALT and IL-6,
with one mouse dying in this treatment group (figure 3.3). Visual examination of internal
organs at 72 hours revealed significant inflammation and swelling throughout the intestines
and abdominal cavity of mice treated with TZ9 at 10 and 20 mM. The toxicity of TZ9 in
vivo was unexpected, as in vitro studies indicated TZ9 to be less toxic than TZ3.343 The
discordant results between in vitro and in vivo studies suggest that the cause of toxicity is
more complex than simple cytotoxicity, but the exact physiologic mechanism of toxicity is
unclear. Thus, TZ3 was chosen to go forward for transfection experiments.
Lipid based nanoparticles are generally prepared with various lipids to afford a
nanoparticle with specific properties, based on the desired application.217 Earlier literature
describe lipoplexes (LPs) formed by mixing cationic liposomes with nucleic acid, while
more recent literature focuses on lipid nanoparticles (LNPs) made by encapsulating nucleic
acid in lipids dissolved in a water miscible organic solvent.209, 390 Much of the current
literature in LNP delivery, including the literature from approved COVID vaccines,
employs a formulation made with a mixture of 40-50% cationic lipid, ~10% DSPC, 3040% cholesterol and 1-10% PEGylated lipid,209, 357, 391-395 with some work suggesting that
a 50:10:38.5:1.5 ratio is optimal for delivery of siRNA and other RNA molecules.357, 396398
Therefore, to evaluate TZ3 in the context of gene delivery, combinations were made
with TZ3, DSPC, cholesterol and DSPE-PEG2000 at a 50:10:39:1 molar ratio, using
DOTAP LNPs as a comparison. This formulation, was used to make nanoparticles by
microfluidic mixing using an hAAT plasmid that ranged between 70-80 nm in diameter,
with zeta potentials between 8-16 mV, and encapsulation efficiency above 70% (Table
3.1).391 However, when administered to mice via tail vein injection, these formulations
failed to elicit detectable hAAT protein levels (figure 3.4). Attempts were made to use
other routes of administration (intravenous, intraperitoneal or intramuscular) or promoter
used (CMV vs EF1a) but these all failed to induce expression of hAAT.
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Figure 3.3. TZ3 does not result in significant in vivo toxicity at 10mM (A-C) or 20mM (DF). Seven-week-old C57BL/6J mice were administered 100 µL of 10mM or 20 mM
cationic lipid (TZ3, TZ9 or DOTAP (Do)) intraperitoneally in HEPES buffered saline. (A
and D) Serum alanine aminotransferase (ALT), (B and E) serum creatinine (SCr), and (C
and F) interleukin-6 (IL-6) levels were measured 48 hours after treatment. Fold-change
from baseline measurements drawn one week prior were compared with those of untreated
animals (NT). Bars and lines represent mean, and dots represent individual animals. Equal
numbers of each sex were included; however, the TZ9 group represents only surviving
animals. Significance was compared using one way ANOVA and Dunnett’s (A) or Kruskal
Wallis tests (all others); only significant comparisons are shown.
Overall, PEG content could be implicated in the poor transfection efficiency
observed in figure 3.4; however, PEG has been shown to be necessary for improving
circulation half-life and providing stability to nanoparticles in vivo. 399-403 Therefore, rather
than reducing the PEG concentrations, the role of PEG length on transfection efficiency
was analysed using identical lipid ratios and varying lengths of PEG polymer. These
formulations were then used to prepare nanoparticles encapsulating a GFP plasmid and
used to transfect HEK293T cells. As shown in figure 3.5, the length of PEG correlated with
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a decrease in GFP expression. The nanoparticles made without PEG or with PEG550
yielded the highest GFP expression. However, PEG-free LNPs were unstable and formed
aggregates. Consequently, formulations with PEG550 were used for further evaluation.

Figure 3.4. hAAT plasmid administered in cationic PEG-2000 liposomes fails to transfect
mice. Eight-week-old male and female BALB/c mice were administered with 500 ng
hAAT plasmid in LNPs made with 50% cationic lipid (TZ3 or DOTAP (Do)), 10% DPSC,
39% cholesterol and 1% DSPE-PEG2000. Blood was drawn 72 hours after injection and
hAAT protein levels were detected by ELISA. Dotted line indicates limit of quantification.

Transfection may also be improved by using DOPE, rather than DSPC, as a helper
lipid.
To further optimize transfection, the formulations containing DSPEPEG550 were tested using DSPC or DOPE as helper lipids, with either TZ3 or DOTAP.
As shown in Figure 3.5B, use of nanoparticles containing both TZ3 and DOPE significantly
increased transfection efficiency, suggesting this could be the most optimal formulation.
367, 391, 397

Dynamic light scattering analysis of the nanoparticles made with PEG2000 and
hAAT plasmid for the data presented in figure 3.4 exhibit similar characteristics to those
described in the literature for plasmid based nanoparticles (Table 3.1).391, 400, 404 However,
the nanoparticles made with shorter PEG chains were larger and more polydisperse, a trend
that has been reported previously with the reduction of PEG2000 concentration.391, 400, 404
DOPE also increased size and polydispersity compared with DSPC. This change could
possibly be attributed to the increased rigidity of the stearoyl tails of DSPC compared with
DOPE’s oleyl tails but has not been previously noted to the best of our knowledge. Finally,
TZ3, while successful at encapsulating DNA, trended toward lower encapsulation
efficiencies as compared to DOTAP, generally encapsulating 60-70% of DNA vs.
DOTAP’s 70-80% encapsulation. While the attributes of the nanoparticles can likely be
improved by further altering multiple parameters such as cholesterol content, no additional
alterations were made and further evaluation of TZ3 was pursued using PEG550 and
DOPE.405, 406
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Table 3.1. Characterization of liposomal nanoparticles used in studies. N/A = not
applicable. *LNPs formulated without PEG aggregated during dialysis and had large
clumps of lipid/DNA complexes.
Nanoparticle

Size (nm)

PDI

TZ3 Liposomes

67.042.94

0.2560.06 34.237.92

N/A

TZ9 Liposomes

50.530.73

0.2560.02 47.950.21

N/A

DOTAP Liposomes

79.142.17

0.2380.06 18.161.50

N/A

TZ3-PEG2000 hAAT LNP

78.791.35

0.1970.01 8.381.26

74.28

DOTAP-PEG2000 hAAT 70.860.61
LNP

0.1590.01 15.400.10

79.76

TZ3-PEG550 hAAT LNP

251.930.91

0.1390.02 14.700.44

63.62

TZ3 hAAT LP

396.639.82

0.3900.09 31.332.40

N/A

hAAT 216.037.19

0.2130.04 13.562.28

76.27

DOTAP-PEG550
LNP

Charge
(mV)

DNA
Encap.
(%)

DOTAP hAAT LP

1712.6751.21

0.4880.17 20.357.85

N/A

TZ3-PEG550 GFP LNP

416.5028.9

0.1900.02 18.302.63

62.56

TZ3:DOPE Liposome

41.711.01

0.3720.02 38.573.07

N/A

TZ3 GFP LP

157.893.54

0.2350.03 33.278.60

N/A

DSPC:DOPE Liposomes

130.601.57

0.2530.02 -7.701.99

N/A

No PEG LNP – GFP*

289.973.91

0.2790.04 18.132.66

78.12

PEG550 LNP – GFP

227.933.93

0.1880.04 24.775.03

67.18

PEG1000 LNP – GFP

196.538.22

0.1020.06 25.151.22

68.84

PEG2000 LNP – GFP

132.736.99

0.2640.05 20.072.04

79.22

TZ3 DSPC LNP – GFP

485.3061.72

0.1690.08 14.933.17

65.46

TZ3 DOPE LNP – GFP

649.03129.96

0.4230.09 15.100.82

59.36

DOTAP DSPC LNP – GFP 817.70160.78

0.4570.07 8.890.72

94.60

DOTAP DOPE LNP – GFP 513.47116.92

0.4910.15 19.574.05

71.01
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Figure 3.5. PEG550, DOPE, and TZ3 improve transfection efficiency with LNPs, but LPs
exhibit improved transfection efficiency and reduced toxicity in vivo. (A-B) HEK293T
cells were transfected with 200 ng GFP plasmid per well using LNPs and analyzed three
days later for GFP expression by flow cytometry. (A) LNPs formulated with 50% TZ3,
10% DSPC, 39% cholesterol and 1% DSPE-PEG(550-2000), or 40% cholesterol and no
PEG. (B) LNPs formulated with 50% DOTAP (Do) or TZ3, 10% DSPE or DOPE, 39%
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cholesterol and 1% DSPE-PEG550. Pooled data from three independent experiments is
shown; n = 3 transfected wells per group per experiment. (C-F) Male and female BALB/c
mice were administered 1 x 109 genome copies of AAV8-GFP or 10 µg of GFP plasmid in
either LNPs made with 50% TZ3, 10% DOPE, 39% cholesterol and 1% DSPE-PEG550 or
LPs made with 50% TZ3 and 50% DOPE. One week post administration, hepatocytes were
evaluated for: (C) percent GFP positive cells, or (D) mean fluorescence intensity (MFI).
(E) Percent weight change and (F) serum ALT were also evaluated at the same time point.
Bars indicate mean transfection efficiency +/- SD; dots represent individual transfection
wells in (A) or mice in (C-F). Data were compared with one-way ANOVA and Dunnett’s
test in (A, C-F) or Sidak’s text in (B); comparisons shown in (A) are to No PEG and in (CF) to untreated mice (NT).

After optimization in vitro, the PEG550 and DOPE formulation was evaluated in
vivo using the same GFP plasmid. Using TZ3 LNPs, 10 µg of plasmid DNA was transfected
into mice and compared with the same dose of DNA delivered via LPs made from a 1:1
ratio of TZ3 and DOPE, which we previously used for in vitro transfection.343 Since the
resulting nanoparticles were over 200 nm in diameter, they were delivered i.p. based on the
concern that intravenous (i.v.) administration could harm the animals. Additionally,
previous studies have shown this route to result in similar transfection efficacy as i.v.
administration.297, 407 As shown in Figure 3.5C-D, transfection with LNPs was less efficient
than that achieved using an AAV8-GFP vector, carrying the same plasmid, at a dose of 2
x 109 GC per mouse (~200 ng of DNA). Although transfection with LPs was
heterogeneous, mean hepatocyte GFP positivity trended upward over untreated mice.
Additionally, when mice were treated with the AAV8-GFP vector or LPs, GFP MFI in
hepatocytes was significantly increased over untreated mice, while LNP treatment resulted
in no increase over baseline (Figure 3.5D). Toxicity evaluation of these formulations
showed that mice treated with LNPs and LPs lost 1-12% of their body weight at 72 hours
and those treated with LNPs had slight (non-significant) elevations in ALT levels at the
same timepoint (Figure 3E-F). Of note, males seemed to have higher expression of GFP
compared with females treated with LPs which could be due to increased trafficking to the
liver. However, this theory is not supported by existing literature to the best of our
knowledge.
Based on these data we then sought to re-evaluate hAAT transfection, using TZ3
and DOTAP LNPs or LPs. The lipid formulations were made as above, and the mice
received 10,000 ng of hAAT plasmid DNA. Control mice were given hAAT protein at 25
μg of protein, calculated on average observed amount of protein reported by Crepso, et al.
with liposomal delivery of hAAT plasmid.383, 408, 409 Because the lipids themselves can
increase immunogenicity against proteins, separate groups of mice were administered the
protein in saline or with 1 mM TZ3, DOTAP, or DMPC.224 Following transfection, the
optimized LP formulation led to detectable hAAT levels in serum in some of the mice
(figure 3.6), although these were well below the values reported previously for cationic
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lipid delivery.386 As with GFP delivery, however, LP administration led to higher
transfection efficiency with average hAAT levels of 9.5 ng/mL for TZ3 and 3 ng/mL for
DOTAP LPs, which were closer to those observed in previous work by Crepso, et al. and
Aliño, et al.386, 408 HAAT levels persisted at 4 weeks after treatment, but only in TZ3 treated
animals (figure 3.7A). In the mice given hAAT protein with individual lipids, serum hAAT
levels at 72 hours were detectable but overall lower than expected based on the reported
half-life;410, 411 however, DMPC produced an intriguing protein increase in females that
was not detected in males (figure 3.7B).

Figure 3.6. TZ3 LP transfection is more efficient in vivo than TZ3 LNPs or formulations
made with DOTAP. BALB/c mice were administered 10 µg of hAAT DNA with LNPs
made with 50% TZ3 or DOTAP (Do), 10% DOPE, 39% cholesterol and 1% DSPEPEG550 or LPs made with 50% TZ3 and 50% DOPE. Seventy-two hours later, protein
expression in the serum was assessed via ELISA. Lines represent mean hAAT
concentration; dots represent individual animals. Data were compared with Kruskal-Wallis
test.
As with GFP transfection, toxicity of the treatments was also assessed via ALT
quantification. As shown in figure 3.7C, ALT levels rose 2-6 times above baseline at 72
hours. Conversely, in mice treated with protein, these signs of toxicity were not observed,
suggesting that the toxicity is associated with liposomal transfection, not the lipids
themselves.
As mentioned earlier, administration of hAAT to mice has been reported to induce
anti-hAAT antibodies; therefore, anti-hAAT reciprocal endpoint titers were also assessed
two weeks after hAAT transfection (day 14).373, 412 Delivery of the transgenic protein with
LNPs produced no detectable anti-hAAT IgG titers, while mice treated with LPs made
using TZ3 or DOTAP showed significantly higher anti-hAAT titers than untreated mice,
approximating that of the free protein in saline (figure 3.8A). While this difference could
be accounted for by the difference in protein expression between the two groups (figure
3.6), previous literature shows that protein concentrations do not necessarily correlate with
titer development397 and that protein levels may not necessarily need to reach quantifiable
levels for protein to induce robust immunity.413
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Because lipids can serve as adjuvants, single lipids were also tested as above to
assess the contribution of lipid to anti- hAAT immunogenicity. Administration of hAAT
with DOTAP or DSPC increased titers by 10- and 100- fold, respectively. Surprisingly,
TZ3 administration concurrent with hAAT protein led to an increase in titers 1000-fold
higher than either of these two controls, suggesting a potential role for this compound in
the setting of protein immunizations.212, 232

Figure 3.7. TZ3 LP transfection persists up to one-month post- delivery. BALB/c mice
were administered 10 µg hAAT plasmid delivered via TZ3 or DOTAP (Do) LNP, or via
lipoplex. A) Four weeks later, protein expression in the serum was assessed via ELISA.
Only values above the limit of quantification are shown. B) HAAT protein concentrations
at 72 hours after direct administration of 25 µg hAAT protein in either saline or with 1 mM
lipid solution (indicated). C) Fold-change in serum ALT from baseline measurements at
72 hours after either transfection or protein delivery. Lines and bars represent mean; dots
represent individual animals. Data in (C) were compared with one-way ANOVA and
Kruskal-Wallis test; significance is as compared to protein in saline only, only significant
comparisons are shown.
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Figure 3.8. Transgene expression using TZ3 as a delivery vector elicits minimal antibody
responses, while administration of hAAT protein with TZ3 results in significant
immunogenicity and a Th1 bias. BALB/c mice were administered 10 µg of hAAT DNA
with LNPs made with 50% TZ3 or DOTAP (Do), 10% DOPE, 39% cholesterol and 1%
DSPE-PEG550 or LPs made with 50% TZ3 and 50% DOPE; or 25 µg of hAAT protein in
saline or 1 mM lipid solution. (A) Fourteen days after administration, anti- hAAT IgG
reciprocal endpoint titers (RET) were assessed via serum ELISA. Significance determined
by Kruskal-Wallis test; comparisons made to untreated animals (NT). Ratios of IgG2a/
IgG1 (B), IgG2b/IgG1 (C), and IgG3/ IgG1 (D) were assessed at the same timepoint for
treatment groups that had significantly higher RET than untreated. Bars indicate mean,
while dots indicate individual animals. Significance as compared to protein delivered in
saline was determined by one-way ANOVA in (B-D).
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As immune biases toward a Th1- or Th2-type response following immunization can
be suggestive of overall formulation immunogenicity, anti-hAAT subclass composition
was also assessed via ELISA and the ratios of IgG2a, 2b and 3 to IgG1 were determined
(Figure 3.8B-D) in all but LNP samples, as these did not achieve a sufficient antibody
response. Transgenic hAAT delivery with both TZ3 and DOTAP led to a balanced
Th1/Th2 response, as indicated by the ratios of IgG2a, 2b, and 3 over IgG1. Pure protein
in saline resulted in similar responses; however, when delivered with lipids, there was a
shift toward a Th2 response, indicated by ratios lower than 1.0. These data are similar to
immune profile observed with Freund’s incomplete adjuvant, which is known to induce a
Th2 bias toward co-administered proteins.414, 415 Additionally, this relative shift in IgG
subclass responses is similar to that observed by Boyle, et al. with ovalbumin delivered via
DNA vs. protein based vaccine.230 Interestingly, hAAT protein delivered with TZ3 resulted
in a more balanced IgG2a/ IgG1 ratio than DOTAP and DMPC; however, the other two
subclasses did not follow suite. While the clinical relevance of this difference is difficult
to assess in this non-infectious model, it may have implications that will be explored in
future experiments.
A potential reason for the difference between LNP and LP titers, could perhaps be
explained through previous work by Lu, et al. with AAV, which shows that expression in
antigen presenting cells (APCs) is associated with the development of antibodies against
hAAT.412 Since PEGylation of nanoparticles was originally intended to bypass the
reticuloendothelial system and nanoparticle removal by APCs,416, 417 it was hypothesized
that this feature of LNPs could explain the difference in antibodies developed against LNP
and LP transgenes. To test this hypothesis, 5% DiD liposomes were made with or without
DSPE-PEG2000 and incubated with J774 macrophages and bone marrow derived dendritic
cells (DC). After 18 hours, cells were washed to remove free liposomes and assayed by
flow cytometry. The addition of PEG resulted in lower DiD fluorescence in both cell types,
and most prominently in DCs, which showed more than 60% less fluorescence when PEG
was included as a LNP component (Figure 3.9A).
Since these LNPs were made with PEG550, which has been shown to have limited
ability to inhibit APC uptake,416 the effect of PEG on APC transfection with GFP plasmid
formulations containing PEG550 was tested next. J774 macrophages and DCs were treated
with either LPs, PEG free LNPs or PEG550 LNPs containing the same amount of GFP
plasmid. In both cell types, transfection with PEG-free LNPs resulted in significantly
higher GFP transfection than lipoplexes or LNPs containing PEG550 (figure 3.9B). In both
DCs and J774 macrophages, the addition of PEG to LNPs decreased GFP positivity by
more than 15%. DC expression was also slightly more efficient (~6%) with LP treatment
than PEGylated LNPs; however, this pattern was not observed with J774 macrophages.
These studies collectively suggest that the addition of PEG to nanoparticles may have an
advantage in reducing the immunogenicity of liposomal transgenes, but also reduce the
transfection efficiency when delivering plasmid DNA.
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Figure 3.9. PEGylation decreases LNP uptake by antigen presenting cells. (A) Bone
marrow-derived dendritic cells (DC) or J774 macrophages were incubated for 18 hours
with LNPs made with 5% DiD and DSPE-PEG2000, or PEG-free liposomes. The
percentage of cells positive for DiD fluorescence by flow cytometry is shown; data
represent pooled results from three independent experiments, N= 3 wells/ treatment. (B)
Bone marrow-derived dendritic cells (DC) or J774 macrophages were transfected with 200
ng of GFP DNA delivered with LPs made of 50% TZ3 and 50% DOPE; LNPs made with
50% TZ3, 10% DOPE, 40% cholesterol; or LNPs made with 50% TZ3, 10% DOPE, 39%
cholesterol and 1% DSPE-PEG550. Seventy-two hours after transfection, the cells were
analyzed by flow cytometry for GFP expression; data represent pooled results from three
independent experiments, N= 3 wells/treatment. Bars indicate mean +/- SD. Only
statistically significant comparisons are shown. Significance determined by one-sample Ttest in (A) or one-way ANOVA in (B). ND = not determined.
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3.4 Conclusions
The present manuscript highlights the utility of cationic triazine lipids as a tool for
in vivo research. Evaluation of in vivo toxicity of the compounds showed, surprisingly, that
TZ9 confers significant toxicity and mortality via a yet unknown mechanism, which
differed from the in vitro toxicity observed during transfection.343 This toxicity not only
led to elevations in liver, kidney and inflammatory markers, but also to the death of several
animals. However, TZ3 showed comparable toxicity to DOTAP, a commonly used cationic
lipid, suggesting the need for further testing of the structure activity relationship of this
cationic compound class.
The toxicity experiments were followed by evaluation of transfection with TZ3,
which demonstrated increased transfection efficacy compared with DOTAP, both in vivo
and in vitro. These results concur with the findings of Martinez-Negro, et al. and Candiani,
et al. showing improved transfection efficacy with cationic lipids containing aromatic
moieties.352, 418 While the role of the triazine ring of the lipids described here, and their
interaction with plasmid DNA have not been determined, others have indicated that the
aromatic rings improve interactions with DNA base pairs through π-π stacking, and
intercalation for improved binding.419, 420 Regardless of the functional implications of the
structural characteristics of triazine lipids, TZ3 serves as a leading candidate for in vivo
transfection.
While LP transfections achieved hAAT levels similar to those reported in previous
lipid literature,386 lipid-based plasmid delivery systems were not able to achieve the levels
observed with viral delivery systems.373, 421 The hAAT plasmid used in these studies is
based on a lentiviral system reported by Wilson, et al.421 where the vector yielded protein
at the microgram range, like the levels reported by Akbar, et al. with AAV.373 While further
optimization of the nanoparticle system, or use of other cationic lipid vectors, could
improve transfections, it is also possible that plasmids designed for viral delivery require
modifications to induce therapeutic protein levels using lipid nanoparticles. Plasmids offer
certain advantages over other forms of nucleic acids, including longer stability and lower
immunogenicity toward transgenes, 254, 374 theoretically making them better suited for long
term expression of therapeutic transgenes. However, because DNA requires translocation
into the nucleus and additional processing to achieve transfection, which ultimately leads
to reduced levels of protein, other strategies, such as mRNA have dominated the field with
the goal of improved hAAT expression using lipid-based systems.254, 391
As has been demonstrated by Gael and colleagues in vaccine studies374 and by
Huysmans, et al. in protein expression kinetic experiments,422 mRNA confers higher
protein levels and perhaps could achieve levels of hAAT within physiological levels. In
fact, a previous report of mRNA by Karadagi, et al. shows that mRNA can significantly
increase hAAT levels in vitro and possibly also in vivo, although the authors do not quantify
circulating levels of protein after administration into mice.423 Unfortunately, this would
mean the need for continued mRNA delivery or self-replicating constructs, as opposed to
the more stable expression achieved following delivery with viral vectors. One way to
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remedy this could be through optimization of the plasmid delivery system, or the use of
more novel systems such as CRISPR.424, 425
In addition to advances in mRNA delivery, much of the recent literature using LNPs
for gene delivery takes advantage of ionizable lipids in formulations optimized primarily
for siRNA delivery.209, 357, 401 While these compounds are greatly successful and offer many
advantages to gene delivery, we have shown here that formulations containing triazine
lipids can provide a successful tool for plasmid delivery. Furthermore, we have shown that
formulations containing DOPE and PEG550, rather than DSPC and PEG2000, can enhance
the efficacy of plasmid delivery both in cells and in mice. Particularly interesting was the
finding that LNPs, which contained PEG, reduced titers against the transgene compared
with LPs without PEG. While the antibody response to hAAT is relatively low, these data
suggest a need for further interrogation of the role of PEG in cationic lipid vaccines.
Although we have shown that PEG can reduce nanoparticle uptake and transfection in
antigen presenting cells (APCs), PEG is recognized by B cells in vivo,266 which could help
increase uptake and expression of antigens in B cells that recognize the polymer as an
epitope and counter the reduced uptake by phagocytes. Another confounding factor for our
evaluation of these findings is that, as reported by Hassett, et al., differences in nanoparticle
size can affect titers generated by mRNA vaccines, a hypothesis that was not evaluated in
the present manuscript.426 This factor may potentially be crucial in the setting of immune
system activation as larger nanoparticles (>200 nm) have limited ability of entering lymph
nodes, compared with smaller ones.427, 428
In addition to the modest increase in immunogenicity toward the transgene when
delivered as a lipoplex, TZ3 also resulted in robust antibody induction (RET >105) when
used to deliver the hAAT protein. The ability of lipid based adjuvants is well recognized
and has been reported in previous literature to surpass the titer response toward proteins,
compared with DNA based vaccines, although perhaps not the CTL response, which was
not evaluated here.229, 230 Furthermore, cationic lipids are known to possess
immunomodulatory properties212, 224, 429 and serve as adjuvants,232 but the significant
induction with TZ3 was an unexpected finding. This is particularly notable given that TZ3
induced an antibody response two orders of magnitude greater than DOTAP. These data
suggest that additional studies are needed to fully explore the adjuvanticity of TZ lipids
when used in vaccine formulations.
Overall, these findings suggest the need for further investigation into the
optimization of TZ lipid nanoparticles, as well as expansion of the current lipid repertoire
to generate structure activity relationships using an expanded library of novel lipid
structures for gene and vaccine delivery.
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CHAPTER 4: EVALUATION OF A LIPOSOME BASED STRATEGY TO SUPPRESS
ANTI-AAV ANTIBODIES

4.1 Introduction
Despite the superior transduction efficiency achieved with viral vectors in the
context of gene replacement, compared with non-viral vectors, a major drawback of viral
gene delivery is the immunogenicity of the vectors themselves.430, 431 Preclinical and
clinical studies show the intense cytokine storm elicited by delivery of viral vectors, with
some viruses eliciting more intense immune responses than others.431 In addition, the
antibody responses generated against viral vectors create a major obstacle for their in vivo
success. In patients who have had previous exposure to viral vectors, or those who have
previously received viral gene therapies, neutralizing antibodies (NAbs) that inhibit viral
transduction preclude the use of these therapies.432
Several approaches have been followed to counter the effect of anti-AAV NAbs,
such as exclusion of patients with high NAb titers from clinical studies, administration of
high vector doses, use of ‘decoy’ capsids, administration of immunosuppressants, using
alternative or less common AAV serotypes, removal of NAbs via plasmapheresis or
delivery of vectors directly to target tissues.432 Because of this setback, AAV epitopes have
been extensively studied in attempts to understand and modulate its immunogenicity.430 Of
the AAV therapeutics approved, voretigene neparvovec-rzyl is able to bypass systemic
immunity due to direct administration into the retina.433 While clearly effective, this
approach is not feasible for all diseases due to inaccessibility of target tissues or because
target cells are too diffuse throughout the body. Concomitant immunosuppression is
another effective way to bypass some of these adverse effects. For example, alipogene
tiparvovec, is co-administered with cyclosporine and mycophenolate mofetil,
immunosuppressants that reduce virus induced immunogenicity and improve transfection
rates.434 The most recent approval, onasemnogene abeparvovec, takes advantage of
immunosuppressants, in addition to being delivered in AAV9, which is much less prevalent
as a naturally circulating virus.433-435 Recently, Zhong, et al. reported that the use of
CTLA4-Ig and CD40-Ig can prevent activation of T and B cells following AAV
transduction and allows for repeated dosing.436 Additionally, Selecta Biosciences has
shown that the use of ImmTOR, a rapamycin containing lipid nanoparticle, can also inhibit
immune activation when co-administered with AAV and allows for repeated dosing.437, 438
Unfortunately, many of these immunosuppressive strategies can lead to global
immunosuppression, which puts patients at risk of infections and increases the risk of
cancer.439, 440 ImmTOR, in particular, has been shown to induce the development of
regulatory T cells toward ovalbumin, which could be problematic in the context of viral
suppression as it may lead to difficulty in staving off later infections.441 An ideal NAb
suppressing agent, in the context of AAV, should target specific B cells without affecting
other aspects of the immune system and should allow for recovery of immune cells
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following suppression. A phenomenon observed in the field of liposomal drug discovery
is that PEGylated nanoparticles will often develop antibodies against the surface
polymer.442 However, in the presence of a cytotoxic drug, such as doxorubicin, anti-PEG
antibodies fail to develop, prolonging the half-life of the nanoparticle.443 This phenomenon
has also been described in the context of ovalbumin by Oja, et al. who showed that
antibodies against this protein fail to develop when doxorubicin is loaded into the
liposomes that the protein is bound to.268 More recently the Oku lab further expanded on
this phenomenon by demonstrating that pre-existing anti-ovalbumin antibodies could be
suppressed following immunization through the use of doxorubicin loaded liposomes, and
even more effectively by using tacrolimus.270, 444 In our lab, we have also shown the ability
of such a strategy to suppress anti-peptide antibodies following immunization, and the
ability of such a strategy to allow for recovery of the anti-peptide response following
reimmunization.445 In the present chapter, a liposome-based strategy is evaluated for its
ability to suppress anti-AAV antibodies. To this end, doxorubicin loaded liposomes
conjugated to the main surface protein of AAV8, VP1, are used to suppress B cells
responsible for a pre-existing response to the virus.

4.2 Methods
4.2.1 Development of AAV8 VP1 plasmid constructs for E. coli
To produce AAV8 VP1 in prokaryotic cells, the VP1 sequence was cloned from
Addgene’s AAV2/8 packing plasmid (112864) using the forward primer
CAGCCATATGGCTGCCGATGGTTATC
and
reverse
primer
TATAGGAATTCTTTAATGATGATGATGATGATGATGATGCAGATTACGGGTG
AGGTAAC (ordered from IDT) using Platinum SuperFi II DNA Polymerase (Thermo,
12361010). The resulting amplicon was purified using NEB’s Monarch PCR Cleanup Kit
(T1030S), digested with NEB EcoRI-HF (R3101S) and NdeI (R0111S) restriction
enzymes in CutSmart buffer for 4 hours and cleaned again. Simultaneously, a pET28a
plasmid donated by Dr. Ester Penni Black at the University of Kentucky was digested with
these same restriction enzymes, purified on a 1% agarose gel (VWR, 97064-250) stained
with 0.5 mcg/mL of ethidium bromide (Thermo, 15585011). The larger band of ~5200 bp
was extracted using NEB’s Monarch Gel Extraction Kit (T1020S). The digested plasmid
and amplicon were then ligated at 4 C for 2 hours followed by overnight incubation at 16
C using NEB’s T4 Ligase in the ligase reaction buffer provided with the enzyme
(M0202S). The following morning, the construct was transformed into NEB DH5 alpha
competent cells (C2987H) using the accompanying protocol and assessed for the presence
of the insert using the above primers and positive colonies were grown and sequenced using
primers TAATACGACTCACTATAGGG, TTCCACATGGCTGGGCGACAG, and
AGCGAGGAAGAAATCAAAACCAC (ACGT, Inc.). Upon confirmation of colonies, the
plasmid was extracted from the DH5 alpha cells and transformed into BL21(DH3)
competent cells (NEB, C2527H).
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4.2.2 Induction and verification of VP1 protein production
To determine whether the developed constructs were successful, BL21(DH3) cells
transformed with the VP1 plasmid were induced using 0.5 mM IPTG for 5 hours in 18 C,
followed by 13 hours at 18 C, after reaching an OD600 of 0.6. This method is a modified
version of the workflow used by Le, et al.446 for producing AAV capsid protein in E. coli.
As the authors suggest, the protein becomes aggregated during production in these cells,
therefore the cells were spun down at 4000 x g at 4 C for 15 minutes and resuspended in
0.5% Tween-20, 50 mM NaH2PO4, 300 mM NaCl, pH 8 containing 1 tablet of protease
inhibitor cocktail (Thermo, A32963) per 50 mL. Following resuspension, the cells were
sonicated using a cell homogenizer on ice and spun for 30 minutes at 14,000 x g at 4 C.
The cell lysate supernatant was then collected, and the pellet was resuspended in
0.5% Tween-20 in 20 mM Tris-HCl, 8 M Urea, pH 8 containing a tablet of protease
inhibitor cocktail per 50 mL and vortexed until solubilized. Both the insoluble and soluble
portions were evaluated by western blot after mixing with 2x Laemni buffer (4% SDS,
10% 2-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue and 0.125 M Tris HCl
at pH 6.8) and heating to 95 C for 5 minutes. The samples were loaded onto a 4-20%
polyacrylamide gradient gel (Bio-Rad 4561095) using a VP1 construct made for eukaryotic
cells as a control. The gel was submerged in running buffer (25 mM Tris, 192 mM glycine,
0.1% SDS) for 1 hour at 100 V and then transferred in transfer buffer (25 mM Tris and 192
mM glycine), at 4 C for 45 minutes and 100 V to a PVDF membrane previously soaked
in methanol (Cytiva 10600029).
After transferring, the membrane was blocked with 5% non-fat dry milk (MP
Biosciences 902887) in TBS-T (0.2% Tween 20, 200 mM Tris 1.37 M NaCl, pH 7.6) for
30 minutes at room temperature and then incubated overnight in 1% non-fat dry milk
containing 0.1 mcg of mouse anti-AAV VP1 antibody clone A1 (Progen, 61056). The
following day the antibody was removed, and the membrane was washed three times with
TBS-T with 5-minute incubations in between washes. Goat anti-mouse IgG2a-HRP
(Abcam, 98698), diluted 1:5000 was then incubated for 30 minutes at room temperature
and the membrane was developed using ECL reagent (Thermo, 32209). As suggested by
Le, et al. most of the protein was contained within the insoluble pellet (figure 4.1).446

Figure 4.1 Western blot of VP1 protein in cell lysate and pellet, with eukaryotic derived
protein as a control (middle).
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4.2.3 Isolation of VP1 protein
VP1 isolation from the resuspended pellet was achieved using an NTA(Ni)
purification kit (Thermo, 88228) by gravity. The column was washed with water 5 times
and equilibrated five times with 0.5% Tween-20 in 20 mM Tris-HCl, 8 M Urea, pH 8,
containing 5 mM imidazole. The protein was loaded and washed with equilibration buffer,
followed by 20 mM and then 40 mM imidazole. Finally, the protein was eluted using 500
mM imidazole and dialyzed at 4 C with PBS, pH 8 for a total of 24 hours with 4 buffer
changes during that time. The resulting protein was then frozen at -80 C and stored for
later use.
4.2.4 Preparation of lipoproteins for immunization and suppression liposomes
Conjugation of VP1 to NTA(Ni) lipid was achieved by making liposomes from a
57:38:5 DSPC, cholesterol NTA(Ni)-DGS (Avanti, 790404P) formulation at a 10 mM
liposome concentration. To these, VP1 protein was added at 5, 10, 20 and 40 NTA lipid to
protein ratio, the mixture was incubated at room temperature for 30 minutes, and the
formed nanoparticles were eluted through a PD-10 desalting column and assessed for size
and protein concentration. For both suppression and immunization, the 40:1 ratio was
chosen due to improved retention.
Conjugation to maleimide lipid was completed by placing VP1 in a pH 6.5 PBS
solution at 0.4 mg/mL and mixing in 3.75 mg of DSPE-PEG2000-Maleimide (Avanti,
880126C) at 1 mg/mL in DMSO (this is roughly 1.27 μmoles of lipid to 0.0046 μmoles of
protein, or a 1 to 277 lipid to protein ratio). The reaction was covered with nitrogen gas
and allowed to stir overnight at room temperature. The following day, the reaction was
placed in 10 volume equivalents of ether and incubated overnight at -20 C to precipitate
protein. After overnight precipitation the protein was centrifuged at 4000 x g and the ether
was discarded. The protein was washed again with ether to remove remaining maleimide
lipid and the final protein quantification was determined by BCA.
4.2.5 Development of suppressive doxorubicin liposomes447, 448
Liposomes made with a 62:38 molar ratio of DSPC and cholesterol were dried into
a thin lipid film from chloroform solutions and hydrated in 300 mM ammonium sulfate
and sonicated at 65 C until opalescent. For suppression with NTA-Ni liposomes 5% of
the DSPC was replaced with 5% NTA(Ni)-DGS (Avanti, 790404P), while the liposomes
containing maleimide bound VP1 had 50 μg of the protein added to the formulation. After
hydration, the liposomes were cooled to room temperature and eluted through a PD10
desalting column (Cytiva, 17085101) equilibrated with 150 mM NaCl at pH 5.5. For the
NTA-Ni containing liposomes, 25 mM MES was added to the equilibration buffer. After
collecting the liposomes from the PD-10 column, they were sized and the amount of protein
was quantified, in the case of the maleimide-VP1 liposomes, since these were formulated
with protein, while the NTA liposomes were conjugated to protein after remote loading
doxorubicin. At this point, 2.5 mg of doxorubicin were added per mL of 10 mM liposome
solution and the samples were incubated at 58 C for 45 minutes with the container cap
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open. After 45 minutes incubation, the samples were moved to 4 C for 15 minutes and
added to 10 kDa MWCO dialysis cassettes (Thermo, 87730) and dialyzed overnight in pH7
PBS at 4 C. The next day, remaining doxorubicin was removed by running the samples
through a PD-10 column calibrated with PBS and encapsulated doxorubicin was quantified
on a microplate reader at 490 nm using a standard curve made from free drug in PBS after
diluting all samples 1:1 in 1% Triton X-100. Encapsulation efficiency was determined from
the total doxorubicin in the final set of samples compared with the 2.5 mg added initially.
For the NTA(Ni) liposomes, the day of injection, VP1 was added to the liposomes at a 40:1
NTA(Ni) lipid to protein and incubated on ice for 30 minutes, prior to administration.
Table 4.1 Characteristics of liposomes used to immunize or suppress against AAV8
Formulation

Composition

Base
DSPC DSPC:Chol.
formulation
62:38
NTA(Ni)*

Size

PDI

102.37±2.00

0.298±0.02 20 ug VP1 protein

DSPC: Chol., 101.13±1.96
NTA(Ni)-DGS

Protein/Drug
Concentration

0.385±0.06 32.44±7.02%
doxorubicin

57:38:5
NTA(Ni)-VP1
- 5:1 NTA to VP1
- 10:1 NTA to VP1

DSPC: Chol., See above
NTA(Ni)-DGS
57:38:5 with 657.37±486.93
VP1 protein
160.77±2.79

See above

N/A

0.615±0.34 28.99% VP1
0.187±0.03 52.61% VP1

- 20:1 NTA to VP1

161.13±1.33

0.199±0.04 62.32% VP1

- 40:1 NTA to VP1*

161.93±0.93

0.218±0.02 64.48% VP1

Maleimide

DSPC: Chol., 114.45±2.25
DSPEPEG(2000)Mal. 57:38:5

0.245±0.01 N/A

Maleimide-VP1*

DSPC: Chol., 156.47±24.83
DSPEPEG(2000)Mal. 57:38 and
Mal. VP1 50
ug

0.337±0.03 82.75±12.69%
doxorubicin
64.40±17.29% VP1

*Used for doxorubicin-based suppression experiments.
4.2.6 Mouse experiments
Assessment of the in vivo effects of our suppression strategy was completed with
C57BL/6J (#000664) mice purchased from Jackson Labs at 5-6 weeks of age and used in
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experiments at 7-9 weeks. For all experiments, mice were sedated with isoflurane gas.
Baseline plasma levels of all experimental parameters were established on day 1, prior to
administration of any therapies. Blood samples were collected by superficial temporal vein
puncture using a small animal lancet (Medipoint) into a microcentrifuge tube and
centrifuged for 2 min at 13,000 x g, prior to storage -80 °C for later assays. All mice were
housed in a specific-pathogen free facility at the University of Kentucky, and all
experimental procedures were approved by the University of Kentucky IACUC.
To assess the liposomal doxorubicin suppression strategy, mice were immunized
on day 1 with 50 μg of ovalbumin (Thermo, 77120) in 10% Freund’s complete adjuvant
(Thermo, 77140) at a total volume of 50 μL. Mice also received 1x10^9 genome copies of
AAV8-GFP (Addgene, 37825-AAV8) to generate an immune response against the virus,
except for control mice. On day 7, the mice received a second ovalbumin immunization
with Freund’s incomplete adjuvant (Thermo, 77145) made in the same manner as above.
On day 21, the mice were given liposomal doxorubicin bound to VP1 through maleimide
or NTA, to compare the two conjugation systems, protein free liposomal doxorubicin, or
no suppression. The dose of doxorubicin used was 8 μg/g based on an average of 20 g for
females and 25 g for males, the amount of protein given in the formulations was 1 μg/g.
On day 35, the animals were given AAV8-TdTomato (Addgene, 59462-AAV8)449 at
1x10^12 viral genome copies intraperitoneally (ip), and they were assessed for protein
expression in the liver two weeks later. On days 1, 14, 28 and 42, blood was collected from
each animal to assess antibody expression levels.
4.2.7 Interference with human neutralizing antibody assay for AAV8-GFP using HEK
293 cells measured by flow cytometry450
VP1 protein was serially diluted in serum free DMEM starting at a concentration
of 1 mg/mL. Plasma was then diluted in DMEM without FBS down the plate starting at
1:80. Plasma was plated at 50 μL in all but the last well, to serve as a AAV8 VP1 free
control, and samples were incubated at 4 °C. After two hours AAV-GFP was diluted to
4.4x10^10 GCs in DMEM, 50 μL were added to each well and the samples were incubated
for another 2 hours at 4 °C. During sample incubation, HEK293T cells (henceforth
cells) were plated at a density of 2x10^4 cells in a 96 well plate in triplicate and placed in
an incubator at 37 °C with 5% CO2 until samples incubated for the 2 hours, at which point
45 μL of the AAV-serum-VP1 mixture were added to each set of cells in triplicate. After
72 hours, the cells were processed for GFP expression as shown in figure 4.2.

Figure 4.2. Scheme for quantification of GFP expression in HEK293T cells after
interference with NAb pre-treated AAV8 in the presence or absence of VP1.
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4.2.8 Evaluation of splenocyte populations following suppression treatment
Evaluation of the effects of doxorubicin liposomes on immune cell populations was
completed after treating mice with suppression nanoparticles above, two weeks after
treatment with AAV8. After 14 days following the administration of doxorubicin
liposomes, the mice were euthanized and their spleens were mashed through a 0.45 μm
filter into 50 mL tubes. The cells were centrifuged at 350 rpm and resuspended in 6 mL of
0.2% NaCl to lyse red blood cells, followed promptly by addition of 1.6% NaCl to
neutralize the osmolarity of the solution. The cells were centrifuged one more time and
washed in PBS before being counted in a 1:10 dilution with trypan blue. One million cells
were moved to FACS tubes, in duplicate, and washed once with FACS buffer (Mg2+/Ca2+free Hanks’ balanced salt solution, 2 mM EDTA, 25 mM HEPES and 1% FBS) and
resuspended in 100 μL of mouse Fc block (Biolegend, 101320) at 1 μg per sample. The
cells were incubated for 20 minutes at 4 °C prior to addition of antibodies, which were
added for 30 minutes. After this, the cells were washed twice in 500 μL of FACS buffer
and resuspended in 500 μL again, before being processed using an Attune Nxt flow
cytometer. Two panels were used for assessing splenocytes. For lymphocyte assessment
the panel consisted of anti-mouse CD3-PerCP (Biolegend, 100325), anti-mouse CD19PE/Cy7 (Abcam, ab210210) and Alexa Fluor 647 (Abcam, ab269823) conjugated to VP1
using the manufacturer’s instructions. For assessment of antigen presenting cell
populations the panel consisted of anti-mouse MHCII-APC (Biolegend 107614), antimouse CD11c-PerCP/Cy5.5 (Biolegend, 117327) and anti-mouse-F4/80-PE (Biolegend,
123110). The scheme used for each panel is show in figure 4.3.

Figure 4.3 Scheme for splenocyte cell populations after liposomal doxorubicin treatment.
4.2.9 Detection of antibodies via ELISA
For detection of anti-AAV8 antibodies, 50 μL of AAV8-GFP (Addgene, 37825AAV8) were plated on a high protein binding plate using a concentration 1x10^10 GC per
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mL in pH 9.7 carbonate buffer and incubated at 4 °C overnight. The following day the plate
was washed four times with 200 μL of 0.1% PBS-T, after which the PBS-T was discarded,
and the plate was dried by blotting on paper towel (henceforth “washed”). The plate was
then blocked with 200 μL of PBS with 0.1% casein (PBS-C) per well and incubated at 37
°C for 1 hour. Plasma samples were diluted to 1:200 using PBS-C on a round bottom
transfer plate and after washing off the blocking buffer, 100 μL of samples were added, in
duplicate and incubated at 37 °C for 1 hour. After sample incubation, the plates were
washed and 100 μL of goat anti-mouse IgG HRP were added at a 1:2000 dilution
(Invitrogen, 16066) and incubated at 37 °C for 30 minutes prior to washing and adding 100
μL of TMB for another 30 minutes, at room temperature, in the dark. After half an hour,
the TMB reaction was quenched with 100 μL of 0.5 M sulfuric acid and the absorbance at
450 nm was determined using a microplate reader. Detection of anti-albumin antibodies
was completed as above, using 50 μL of ovalbumin at 2 μg/mL (Thermo, 77120) and antiApoA-I antibody detection was completed with 50 μL of ApoA-I (Mybiosource,
MBS2888749) at 1 μg/mL.
4.2.10 TdTomato Quantification
For determining fluorescence, the animals were euthanized, and their livers were
collected and placed on a 24 well plate in PBS. Fluorescence was determined using an IVIS
Spectrum equipped with an XGI-8 Anesthesia System using the Living Image
Acquisition/Analysis Software Package. Fluorescence was determined using a 570 nm
excitation filter and 640 emission filter with a 0.5 second exposure time.
4.2.11 Data analysis and statistics
Data were organized and analyzed using Graph Pad Prism v.8 or v.9 for Windows.
Groups were assessed for normality and compared as described in the figure legends; p*, P <0.05; **, P <0.01; ***, P < 0.001; ****, P <0.0001. In all figures, only statistically
significant comparisons are shown.

4.3 Results and discussion
The viral capsid of AAV is made from the protein VP1 and its two splice variants,
VP2 and VP3.430, 451 To investigate the ability of our liposome-based strategy to suppress
AAV8 targeting B cells, the VP1 protein of AAV8 was synthesized in BL21 E. coli by
subcloning the protein from an AAV8 packing plasmid into a PET28a vector with an N
and C terminal hexahistidine sequence (His tag). Initial attempts were made to clone the
protein into a plasmid containing the human alpha-1 antitrypsin gene, leaving the protein’s
signal peptide intact, to produce VP1 extracellularly. However, this approach failed,
despite several attempts at optimization. In E. coli, the protein proved difficult to isolate,
due to aggregation within the insoluble portion of the bacterial pellet. This phenomenon
has been previously reported by Le, et al. who concluded that, while changing vectors can
improve protein concentration in the soluble portion of the bacterial lysate, the yield was
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ultimately too low and suggested that production of the protein in a BL21 vector yielded
the best results, despite issues with protein degradation.446 Although difficulties in
purifying VP1 persisted, the methods from Le, et al. yielded a considerable amount of
protein (~15 mg in 400 mL of culture). The isolated protein, while slightly degraded could
also be confirmed by Western blot, suggesting that production of VP1 in bacteria allows
for appropriate protein folding (figure 4.1).
The liposomes used in the present suppression strategy were formed using a
combination of DSPC and cholesterol described extensively in the literature with the
addition of 5% NTA(Ni)-DGS (abbreviated NTA) or DSPE-PEG2000-Maleimide
(abbreviated maleimide or mal.).448 As described by Nielsen, et al. the use of NTA in the
liposome bilayer significantly reduced the encapsulation efficiency of doxorubicin (~32%)
compared with the maleimide liposomes (~82%).447 When conjugated to VP1, both sets of
liposomes yielded nanoparticles of about 150-160 nm in diameter, an increase from 100115 nm before the incorporation of the protein (see table 4.2). For the maleimide liposomes,
the protein was conjugated to maleimide prior to incorporation to the liposomes. Despite
this, only ~64% of the protein was recovered after all the processing was completed
(rehydration, sonication, and size exclusion chromatography). For the NTA liposomes, the
addition of protein was performed after remote loading of doxorubicin using four different
protein to NTA(Ni) lipid ratios (5:1, 10:1, 20:1, 40:1). While the size of the nanoparticles
increased with all four protein to NTA(Ni) ratios, only the 20:1 and 40:1 protein:NTA(Ni)
ratios led to a ~60% protein recovery ratio. Therefore, further experiments were performed
with a ratio of 40:1.
To determine the translational potential of VP1 conjugated suppression liposomes,
the VP1 protein isolated from BL21 cells was used in an in vitro interference assay with
serum from five human samples that were positive for anti-AAV8 antibodies (see Chapter
5 for details). VP1 was incubated with patient serum, prior to incubation with AAV8-GFP
and transduction efficiency was assessed via flow cytometry. As evidenced in figure 4.4,
the presence of VP1 at concentrations ranging from 7.5 to 120 μg/mL led to considerable
improvement in transduction. However, this varied significantly from sample to sample,
highlighting the interpersonal variability of immune responses. The reason behind this is
potentially related to the interindividual responses in patients, but impossible to fully assess
due to the nature of these samples being from a fully de-identified population.
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Figure 4.4. Evaluation of translational potential of VP1 based suppression. Serum from
five human serum samples with antibodies to AAV8 was incubated with VP1 protein,
followed by incubation with AAV8-GFP. The samples were then used to treat HEK293T
cells for 72 hours and the GFP expression was quantified via flow cytometry.

To assess the toxicity of the liposomal suppression strategy, mice were treated with
doxorubicin liposomes bound to the VP1 protein. Two weeks after administration, the
splenocyte populations were evaluated via flow cytometry as in figure 4.3 and cell counts
were determined with FlowJo. As shown in figure 4.5A, significant decreases were
observed among macrophages and B cells, as would be expected following treatment with
cytotoxic liposomes. By comparison, no changes were seen in the untreated animals
compared with untreated, AAV8 naïve mice (data not shown). The T cell population was
significantly elevated, perhaps due to inflammation resulting from the drug treatment.
Attempts were made to evaluate the VP1 specific cell population by conjugating the
purified protein to an AF647 fluorophore (Abcam ab269823). As can be evidenced on the
last panel of figure 4.5A, there was a very clear decline in the cells binding to VP1-AF647.
However, given the high background seen with control AF-647 (figure 4.5B), it is difficult
to assess this difference with certainty. It is more than likely that the reduction in total cell
count is due to the reduction in total B cells, rather than an actual reduction in the epitope
specific population, suggesting that further optimization of the assay is needed to assess
differences in the epitope specific population.
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Figure 4.5. A. Evaluation of spleen myeloid cells (top) and lymphoid cells (bottom) in mice
treated with suppressive liposomes. Mice (n=3/sex) were given AAV8-GFP and then
treated with liposomes before being evaluated two weeks later for spleen cell populations
were studied by flow cytometry. Treated mice were compared with untreated mice at the
same timepoint. Groups were analyzed by T test. B. FlowJo plot of B cells treated with
AF647 conjugated VP1, to determine changes in the antigen specific cell population, show
considerable background noise among cells, suggesting the presence of non-specific
recognition against the viral protein or diffusion of the fluorophore into non-specific cells.
Next, to determine the ability of liposomal doxorubicin suppression to selectively
suppress the antibody response to AAV, mice were bled on day one for assessment of antiAAV8, ovalbumin (OVA) and ApoA-I antibodies (see figure 4.6). Here OVA was used as
an immunization control and ApoA-I was used as a control of the intrinsic mouse immune
responses, as antibodies against this protein have been previously reported to naturally
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occur in C57BL/6J mice.360 After bleeding, the mice were immunized with OVA in
Freund’s complete adjuvant (FCA) subcutaneously and given 1x10^9 genome copies of
AAV8-GFP. The following week, the mice received another dose of OVA with Freund’s
incomplete adjuvant (FIA) and the immune responses were reassessed on day 14. At this
point, a clear elevation of anti-AAV8, and to a lesser extent OVA can be seen in treated
animals (figure 4.7A and B). As expected, the anti-ApoA-I response was largely variable
among mice.
Following suppression with either liposomal doxorubicin (L-Dox.) by itself or
conjugated to AAV8 VP1 with either NTA(Ni)-DGS or DSPE-PEG2000-Maleimide, the
mice were assessed once more for antibody expression and given AAV8-TdTomato at
1x10^12 genome copies per mouse. Throughout the duration of the experiments, the antiAAV8 response did not change in the mice treated with AAV8-GFP, suggesting a failure
of the suppression experiment (Figure 4.7A). Interestingly, the mice suppressed with
maleimide bound VP1 failed to respond to the third OVA immunization, although the
response did not decrease from that seen in previous weeks (figure 4.7B). A small reduction
in the anti-OVA response was also observed in the other two groups treated with L-Dox
and NTA liposomes, although to a non-significant extent. This effect of the maleimide
liposomes on the OVA response is likely due to the extended exposure to PEGylated
liposomal doxorubicin on the antigen presenting cell population in these nanoparticles.
These findings suggest that this method may have off target effects on new immune
responses induced while the nanoparticles are circulating, but not on pre-existing ones. To
add to this notion, the response to ApoA-I was also unchanged from previous weeks among
all groups (figure 4.7C). More than likely, as suggested by the findings of Oja, et al.
liposomal doxorubicin-based immunosuppression is mediated through suppression of
antigen presenting cells, which would be further suppressed following treatment with the
PEGylated maleimide liposomes. To test this further, we investigated the titers to AAV8
following the treatment with AAV8-TdTomato, as titers can provide a clearer picture of
the immune response and since our absorbance values were saturated at the 1:200 serum
dilution used. By looking at titers in figure 4.7D, we were able to observe a very distinct
reduction in the immune response to AAV8 after administration of maleimide liposomes,
even though the response was not diminished entirely.
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Figure 4.6. Scheme for evaluation of liposomal doxorubicin suppression (either liposomal
drug by itself or conjugated to VP1) strategy on antibody responses and TdTomato
expression.

Figure 4.7. Effect of suppression on immune responses. Mice (n=3/sex) were immunized
with OVA and AAV8-GFP, followed by suppression with L-Dox. and treatment with
AAV8-TdTomato and describe in figure 4.6. Results show the mean+/- SEM over the
course of the experiment for AAV8 (A), OVA (B) and ApoA-I (C). D. Anti-VP1 antibody
response among groups one week after AAV8-TdTomato administration (week 7). E. AntiAAV8 titers at week 7, after administration of AAV8-TdTomato. Bars show mean +/SEM. Responses at week 7 were compared against the no AAV group by Krustal-Wallis.
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Based on the antibody responses observed, it is evident that the suppression strategy
failed to suppress pre-existing antibodies to AAV. However, it was unclear whether this
was due to the nanoparticles themselves, or to the complexity of the anti-AAV response
compared with VP1. Therefore, we decided to determine whether the suppressive strategy
had any effect on the anti-VP1 response after suppression. As evidenced in figure 4.7E, the
responses to VP1 following suppression were considerably diminished by maleimide
conjugated VP1 suppression. However, the NTA conjugated protein led to a considerably
increased response toward the protein. This finding, while unexpected, could be attributed
to the transient nature of the NTA(Ni) conjugation to histidine residues on proteins. For
example, Chen et al. reported only ~47% lipid recovery following size-exclusion
chromatography with up to 5% NTA(Ni)-DGS liposomes.452 The transient nature of this
ionic interaction likely resulted in separation of the suppressive liposomes and the VP1
protein and led to an enhancement of the anti-VP1 response. Interestingly, neither the
unsuppressed group, nor the L-Dox. suppressed group, had a very strong response to the
VP1 protein, compared with the obvious response to AAV8 in figure 4.7A. Overall, these
findings suggest that the anti-VP1 response differs from that of the antiviral response.
Finally, two weeks after treatment with AAV8-TdTomato, the mice were evaluated for
expression of the protein in the liver using an IVIS Spectrum imager and the expression
was quantified and normalized to liver weight (figure 4.8). As expected from the immune
responses, none of the AAV8-GFP treated mice had quantifiable expression of TdTomato,
unlike the untreated mice.

Figure 4.8. Expression of liver fluorescence in mouse livers following TdTomato delivery
with AAV8. Mice (n=3/sex) previously treated with AAV8-GFP followed by suppression
with liposomal doxorubicin were treated with AAV8-TdTomato and liver expression was
assessed 14 days later. Groups were compared by ANOVA against the no AAV group.
Two untreated (no AAV8-TdTomato) animals were used as a comparison in the expression
assay, as a comparison, but not included in the statistical analysis.
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4.4 Conclusions
Liposome based strategies for immunosuppression, as suggested by the work of
Naoko Oku and the work by Selecta Biosciences provide a tentative strategy for epitope
specific suppression.268, 437, 438 Particularly the development of immunosuppressive
nanoparticles, containing drugs such as doxorubicin, rapamycin, tacrolimus, or others in
combination with linker structures, such as NTA(Ni) or maleimide, could provide a simple
strategy to suppress antibodies against target proteins, either therapeutics like AAVs or
biologic drugs, as well as the protein targets of autoimmune responses.
Here an attempt was made to use liposomal nanoparticles to suppress the immune
response to AAV8. This approach employed liposomes loaded with the chemotherapeutic
doxorubicin and bound to the VP1 protein of AAV8 with two different linkers, NTA(Ni)
and maleimide. Unfortunately, this strategy failed to suppress the immune response to the
virus and in the case of the maleimide nanoparticles it also enhanced the immune response
to the VP1 protein itself, possibly due to displacement of the protein from the nanoparticles
in circulation, resulting in immunization toward VP1. Based on this enhancement of the
anti-VP1 response, compared with AAV8 treated animals, it is likely that while there is
some overlap between the immune response to the protein, VP1 itself fails to recapitulate
the antibody responses toward the virus. Future evaluation of this suppression strategy to
AAV should consider the difference between the response to virus and protein alone and
employ either entire empty capsid or attempt to recreate the external viral architecture on
the liposomal surface. Additionally, such experiments should take into account the
localization of the cysteines on AAV, as these may no longer be present on the viral surface,
although this could be overcome through chemical modifications such as the use of
SATA.453 Furthermore, in the present experiments, the protein was assumed to bind to
maleimide after addition of excess lipid and washing of the protein. It is recommended that
future experiments should involve more proper characterization of the conjugation and
quantification of the addition.
One unexpected finding from these studies was that the liposomes conjugated to
maleimide, were likely still circulating during the third administration of OVA and of
AAV8-TdTomato due to the presence of polyethylene glycol on their surface (half-life of
PEGylated liposomal doxorubicin is ~46h vs. 26h for liposomal doxorubicin), and also
suppressed the immune response to ovalbumin when administered after the
nanoparticles.454 This finding highlights the effect of suppression of the reticuloendothelial
system on concomitant immune responses and suggests that conjugation of the target
protein may not be necessary for suppression. It is also recommended that future
experiments explore the distribution and uptake of the nanoparticles by cells, following
administration. This includes evaluation of liposome uptake following in vivo delivery, as
well as ex vivo uptake of the nanoparticles by splenocytes and isolated B cells that include
evaluation of the toxic potential of the nanoparticles.
While the present work has focused on suppression of pre-existing anti-AAV8
antibodies, the present strategy holds promise for other areas of research, particularly
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within the context of allergy and autoimmunity, or utilizing other immunosuppressive
drugs. Maldonado et al. also showed that a similar approach using rapamycin can shift the
immune response of T cells from a CD4/CD8 response to a Treg response, creating immune
tolerance to ovalbumin.455 More recently, Pan et al. showed that dexamethasone treatment,
followed by immunization with peptides from the protein HMGB1, can result in immune
tolerance toward HMGB1.456 These studies, along with those mentioned earlier in this
chapter suggest the need for further evaluation of liposomal immunosuppression as a
strategy. Furthermore, a strategy that may prove useful in AAV studies is the inhibition of
anti-AAV antibodies through coadministration of the virus with PEGylated doxorubicin,
which may help to improve transfection and allow for cumulative gene therapy in patients
receiving this virus.
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CHAPTER 5: CHARACTERIZATION OF AAV8 PEPTIDES TO DEVELOP A
PEPTIDE BASED APPROACH FOR SUPPRESSION

5.1 Introduction
In evaluating the liposomal suppression in chapter 4, it is evident that VP1-based
suppression failed due to the differences between the anti-AAV response compared with
the anti-VP1 response. As such, two approaches could be pursued in subsequent
experiments by either attempting suppression using the entire AAV8 capsid, or
reconstructing the viral structure on a liposomal surface with relevant peptides that extend
outside of the viral capsid surface and recapitulate the viral capsid. As shown in chapter 4,
this latter peptide-based approach could be successful. To develop such an approach, an
evaluation of the literature was conducted to identify antibody targets on AAV that could
be used in a liposomal strategy. A search was conducted using the terms “AAV” or “adeno
associated virus” and “peptide” or “antibody target” or “epitopes”. The results of this
search yielded several peptide sequences, many of which protrude from the viral capsid
and could serve in developing a liposomal suppression strategy (figure 5.1). Among the
peptides found, Boutin, et al. reported epitopes from AAV8 and AAV1 that result in
functional expansion of CD8+ T cells that are indistinguishable from those of AAV2,
however, these were excluded, as many of these lie within the viral capsid.457 As early as
2000, Wobus, et al. (magenta) and Moskalenko, et al., reported various antibody targets
along AAV, that have been corroborated by later researchers.458, 459 Gurda, et al reported
aa586-591 as a target of the MAb ADK8 (teal).460 Guiles also reported the region
encompassing aa588-593 as an AAV9 epitope, along with aa496-498, as targets for the
antibody PAV9.1 (teal).461 Hui, et al. reported several MHC class I epitopes conserved
across AAV serotypes via IFN-γ ELISPOT from expanded lymphocytes (green).462 These
include SADNNNSEY, which overlaps with previously reported epitopes,458, 460, 461
LIDQYLYYL, VPQYGYLTL,458, 463 TTSTRTWAL, YHLNGRDSL,458 SQAVDRSSF,
VPANPSTTF,
FPQSGVLIF,
YFDFNRFHCHFSPRD,
QFSQAGASDIRDQSR,
460
GASDIRQSRNWLP, GNRQAATADVNTQGV, and SLDRLMNPL. Sabatino (blue)
reported
YHLNGRNSLANPGIA,
NGRNSLANPGIAMAT,
458
NLANPGISLANPGIAMATHKD, LTSEEEIKTTNPVAT,
and IPQYGYLTL458, 463
Tellez, et al. reported epitopes contained within the beta barrel of the viral capsid, however,
since these are not expressed on the outer surface of the viral capsid properly displayed on
a lipid bilayer, they were not further investigated.464 Finally, Govindasamy, et al. reported
an AAV4 epitope on variable region IX of the virus (red) that is displayed on the outside
of the surface of the viral capsid.465 In the present chapter, four peptide sequences reported
in the literature were used as targets in an immunization strategy to determine their ability
to induce antibodies to AAV8. Furthermore, an evaluation of antibody targets was
conducted, using peptide array, to elucidate more potential targets that could be used in
this strategy.
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Figure 5.1. Antibody targets along the AAV capsid protein, VP1, reported by different
authors. Image generated using UCSF Chimera using UniProt Q8JQF8 as a template.

5.2 Methods
5.2.1 Peptide conjugation to maleimide lipids
The four peptides above were purchased from Elim Biopharm as crude peptide on
resin and deprotected for four hours using a mixture of 2.5% water, 2.5% methyl sulfide,
2.5% 3,6-dioxa-1,8-octanedithiol, 2.5% tri-isopropyl silane and 90% trifluoroacetic acid.
The peptides were all designed with a cysteine on the C terminus to provide a simple
binding structure and were bound to liposomes containing 5% DSPE-PEG2000Maleimide. The peptides were added, individually, at a 10 to 1 peptide to maleimide lipid
to pre-formed liposomes in PBS, pH7. After overnight incubation under N2, the liposomes
were washed three times of free peptide using a 30 kDa spin filter and the peptide
concentration was determined using a BCA quantification kit (Thermo, 23225). Upon
confirmation of the concentrations, the liposomes were mixed at a 1:1:1:1 ratio of each
peptide and sonicated for 1 hour in a vial containing the equivalent of 0.3 mole percent of
MPL to the final liposome concentration. These formulations were then used for
immunization of mice, as described below.
5.2.2 Development of AAV8 VP1 plasmid constructs for E. coli
The VP1 protein for AAV8 was produced as described in chapter 4. Briefly, the
VP1 sequence was cloned from Addgene’s AAV2/8 packing plasmid (112864) using the
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forward primer CAGCCATATGGCTGCCGATGGTTATC and reverse primer
TATAGGAATTCTTTAATGATGATGATGATGATGATGATGCAGATTACGGGTG
AGGTAAC and subcloned into a pET28a plasmid. This plasmid was then transformed into
BL21(DH3) cells and VP1 production was induced with 0.5 mM IPTG for 5 hours in 18
C, followed by 13 hours at 18 C, after reaching an OD600 of 0.6. Following induction,
the protein was purified from the insoluble portion of the bacteria using a an NTA(Ni)
purification kit (Thermo, 88228) by gravity with the buffer systems recommended by Le,
et al.446 and stored at -80 C in PBS, pH 9.
5.2.3 Preparation of lipoproteins for immunization and suppression liposomes
Conjugation of VP1 to NTA(Ni) lipid was achieved by making liposomes from a
57:38:5 DSPC, cholesterol, NTA(Ni)-DGS (Avanti, 790404P) formulation at a 10 mM
lipid concentration. To these, VP1 protein was added at NTA lipid to protein ratio of 40:1,
the mixture was incubated at room temperature for 30 minutes before being eluted through
a PD-10 desalting column and assessing size and protein concentration.
Conjugation to maleimide lipid was done by placing VP1 in a pH 6.5 PBS solution
at 0.4 mg/mL and mixing in 3.75 mg of DSPE-PEG(2000)-Maleimide (Avanti, 880126C)
at 1 mg/mL in DMSO (this is roughly 1.27 μmoles of lipid to 0.0046 μmoles of protein, or
a 277 lipid to protein ratio). The reaction was covered with nitrogen gas and allowed to stir
overnight at room temperature. The following day, the reaction was placed in 10 volume
equivalents of ether and incubated overnight at -20 C to precipitate protein. After
overnight precipitation the protein was spun down at 4000 x g and the ether was discarded.
The protein was washed again with ether to remove remaining maleimide lipid and the
final protein quantification was determined by BCA.
5.2.4 Mouse experiments
Assessment of the in vivo effects of our suppression strategy was completed using
C57BL/6J (#000664) mice purchased from Jackson Labs at 5-6 weeks of age and used in
experiments at 7-9 weeks. For all experiments, mice were sedated with isoflurane gas.
Baseline plasma levels of all experimental parameters were established on day 1, prior to
administration of any therapies. Blood samples were collected by superficial temporal vein
puncture using a small animal lancet (Medipoint) into a microcentrifuge tube and
centrifuged for 2 min at 13,000 x g, prior to storage -80 °C for later assays. All mice were
housed in a specific-pathogen free facility at the University of Kentucky, and all
experimental procedures were approved by the University of Kentucky Institutional
Animal Care and Use Committee. Immunizations with AAV peptide (1.2 mg peptide 1,
1.58 mg peptide 2, 1.97 mg peptide 3 and 2.78 mg peptide 4, as quantified by BCA assay,
either as free peptide or conjugated to maleimide lipid) or VP1 protein (20 μg protein, as
quantified by BCA assay, given alone, at a ratio of 40:1 NTA lipid to protein, or conjugated
to maleimide lipid) were administered twice, one week apart, prior to assessment of antiAAV8 antibodies on day 21. Peptide immunizations were administered with liposomes
made from 15:2:3:0.3 DMPC, DMPG, cholesterol, MPL, while protein liposomes were
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made from 62:38 DSPC and cholesterol. At this point, the mice were given AAV8TdTomato (Addgene, 59462-AAV8 )449 at 1x10^6 viral genome copies intraperitoneally
(ip), and assessed on day 35 for TdTomato expression.
5.2.5 TdTomato Quantification
To assess TdTomato transduction, the animals were euthanized, and their livers
were collected and placed on a 24 well plate in PBS. Fluorescence was determined using
an IVIS Spectrum equipped with an XGI-8 Anesthesia System using the Living Image
Acquisition/Analysis Software Package. Fluorescence was determined using a 570 nm
excitation filter and 640 emission filter with a 0.5 second exposure time.

Table 5.1 Characteristics of liposomes used to immunize against AAV8
Formulation

Composition

PDI

Protein/Drug
Concentration

Peptide immunization DMPC: Chol.: 74.19±6.22
DSPG: MPL
15:3:2:0.3
+
free peptides

0.221±0.05

1.2 mg peptide 1,
1.58 mg peptide 2,
1.97 mg peptide 3
and
2.78
mg
peptide 4

Peptide immunization DMPC: Chol.: 161.97±4.63
with
maleimide DSPG: MPL
peptides
15:3:2:0.3
+
mal-peptides

0.219±0.02

0.87 mg peptide 1,
1.24 mg peptide 2,
1.52 mg peptide 3
and
1.87
mg
peptide 4

Base
formulation

Chol. 102.37±2.00

0.298±0.02

20 ug VP1 protein

NTA(Ni)-VP1*

DSPC: Chol.: 161.93±0.93
NTA(Ni)-DGS
57:38:5 + VP1
protein

0.218±0.02

64.48% VP1

Maleimide-VP1*

DSPC: Chol., 156.47±24.83
DSPEPEG(2000)Mal. 57:38 and
Mal. VP1 50
ug

0.337±0.03

82.75±12.69%
doxorubicin

DSPC DSPC:
62:38

Size

*Used for doxorubicin based suppression experiments.
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64.40±17.29%
VP1

5.2.6 Detection of anti-AAV8 antibodies via ELISA464, 466, 467
Fifty μL of AAV8-GFP (Addgene, 37825-AAV8) were plated on a high protein
binding plate using a concentration of 1e10 GC per mL in carbonate buffer and incubated
at 4 °C overnight. The following day the plate was washed four times with 200 μL of 0.1%
PBS-T, after which the PBS-T was discarded, and the plate was dried by blotting on paper
towel (henceforth “washed”). The plate was then blocked with 200 μL of 5% non-fat dry
milk (NFDM) per well and incubated at 37 °C for 60 minutes. For each set of samples, a
separate plate was prepared using only blocking buffer, to determine background signal in
each sample. Plasma samples were diluted to 1:100 using 1% NFDM on a round bottom
transfer plate and after washing off the blocking buffer, 100 μL of samples were added, in
duplicate, to AAV or control plates and incubated at 37 °C for 1 hour. After sample
incubation the plates were washed and 100 μL of species-specific antibody HRP conjugate
was added to each plate using goat anti-mouse IgG HRP (Invitrogen # 16066 at 1:2000),
goat anti-monkey IgG HRP (Abcam 112767 at 1:4000) or goat anti-human IgG HRP
(Abcam 7153 at 1:5000). The detection antibodies were incubated at 37 °C for 30 minutes
prior to washing and adding 100 μL of TMB for another 30 minutes, at room temperature
in the dark. After half an hour, the TMB reaction was quenched with 100 μL of 0.5 M
sulfuric acid and the absorbance at 450 nm was measured using a microplate reader. The
absorbance of the control plate was then subtracted from that of the AAV8 coated plate
and samples were considered positive when they were 2 times over the average of the AAV
free plate. For titer evaluation, the same procedure was followed, except that samples were
serially diluted 6 times starting with 1:100.

5.2.7 Confirmation of anti-AAV8 antibody activity by neutralization antibody assay450
To a 96-well tissue culture treated plate, HEK293T cells were added at a density of
50,000 cells per well in 200 μL of media (DMEM, supplemented with 10% FBS, 1%
penicillin/streptomycin and 500 μg/mL G418). The cells were then placed in an incubator
at 37 °C with 5% CO2 and allowed to attach. Plasma from AAV8 seropositive subjects was
then diluted to 100 μL with DMEM in a sterile, round bottom, 96 well plate, to a
concentration of 1:5 for monkey and human samples and to 1:20 for mouse samples. The
plasma was then serially diluted five times in 50 μL of DMEM. On the 7th row 50 μL of
DMEM was added and 100 μL to the bottom row. AAV8-GFP was diluted to 4.4e10 GCs
in DMEM and 50 μL were added to the first 7 wells. The mixture was incubated for 3 hours
at 4 °C450 after which 30 μL were added to cells. Seventy-two hours later, the cell plates
were centrifuged, and the media was removed. The cells were detached from their plate
using 50 μL TripLE for 5 minutes and moved to a round bottom 96 well plate. PBS was
added to wash the cells and they were stained with 100 μL of NearIR Zombie dye
(Biolegend 423105) diluted to 1:2000 in PBS for 20 minutes, at room temperature, in the
dark. After staining, the cells were washed twice in FACS buffer (HBSS without
magnesium or calcium, 25 mM HEPES, 5 mM EDTA and 1% FBS) and resuspended in
200 μL of FACS buffer before being analyzed on an Attune NxT flow cytometer equipped
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with an autosampler. FCS files were then analyzed using FlowJo, as in chapter 4 and the
percent fluorescence, based on the plasma free and non-AAV treated cells was plotted
using Prism.

5.2.8 Peptide microarray for plasma profiling of anti-AAV8 antibodies
JPT Peptide Technologies' PepStar™ peptide microarrays comprise purified
synthetic peptides derived from antigens (figure 5.2A) or other sources that are
chemoselectively and covalently immobilized on the glass surface. An optimized
hydrophilic linker moiety is inserted between the glass surface and the antigen derived
peptide sequence to avoid false negatives caused by steric hindrance. For technical reasons
all peptides contain a C-terminal glycine. Each assay is performed on microarray slides
(figure 5.2B) containing 21 peptide mini-arrays (figure 5.2C), which represent three
replicates of the whole peptide library and where each spot represents an individual
peptide. At all steps of the manufacturing and assay, quality controls are completed and
stored by JPT.
Peptides comprising the AAV8 VP1 protein (Table 2.2) were immobilized on glass
plates modified with a Ttds linker (figure 5.2D) and blocked using SuperBlock™ T20
(PBS) Blocking Buffer (Thermo, # 37516). The serum samples were diluted 1:200 (all
samples) or 1:300 (only mice) in blocking buffer and applied to JPT peptide microarrays
(batch no. 3388) for 1 h at 30 °C using a Multiwell incubation chamber. Following
incubation, the samples were washed using 50 mM TBS-buffer including 0.1% Tween20
(JPT), pH 7.2 and incubated with secondary antibody diluted in blocking buffer for 1 h at
30 °C. The antibodies used were anti-human IgG Alexa Flour 657 (JIT 109-605-098, at 0.1
μg/mL); anti-monkey IgG biotin (Fitzgerald, at 1:5000); and anti-mouse IgG Dylight 650
(Thermo 84545, at 1 μg/mL). For the monkey samples, a tertiary incubation with Cy-5
labeled streptavidin (JIR, 016-170-084) was added at 0.1 μg/mL for 1 h at 30 °C. After
secondary incubation, microarrays were dried and analyzed on an Axon Genepix Scanner
4300 SL50 using GenePix for spot-recognition of fluorescence at 635 nm and processed
on Microsoft Excel. For each spot, the mean signal intensity was extracted (between 0 and
65535 arbitrary units). For further data evaluation, the so called MMC2 values were
determined. The MMC2 equals the mean value of all three instances on the microarray
except when the coefficient of variation (CV) – standard-deviation divided by the mean
value – is larger than 0.5. In this case the mean of the two values closest to each other
(MC2) is assigned to MMC2.
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Figure 5.2. Design of JPT peptide array. A. General principle of epitope identification using
overlapping peptide scans. Each spot in the microarray represents a single individual
peptide. After incubation of the peptide microarray with plasma or antibody samples,
bound antibodies or proteins can be detected using fluorescently labeled secondary
antibodies. B. General Multiwell microarray layout. C. Mini-array layout: peptide spots are
represented by red dots. Full length protein spots are printed in a separate row beneath the
library. Monkey IgG, mouse IgG and human IgG control proteins (in triplicates from right
to left) are highlighted by yellow color. D. Ttds linker used to attach peptides to glass
plates.

Table 5.2 Peptide library of peptide array slides*
No.

Sequence

No.

Sequence

No.

Sequence

1

MAADGYLPDWLEDNL

62

TRTWALPTYNNHLYK

122

CYRQQRVSTTTGQNN

2

GYLPDWLEDNLSEGI

63

ALPTYNNHLYKQISN

123

QRVSTTTGQNNNSNF

3

DWLEDNLSEGIREWW

64

YNNHLYKQISNGTSG

124

TTTGQNNNSNFAWTA

4

DNLSEGIREWWALKP

65

LYKQISNGTSGGATN

125

QNNNSNFAWTAGTKY

5

EGIREWWALKPGAPK

66

ISNGTSGGATNDNTY

126

SNFAWTAGTKYHLNG

6

EWWALKPGAPKPKAN

67

TSGGATNDNTYFGYS

127

WTAGTKYHLNGRNSL

7

LKPGAPKPKANQQKQ

68

ATNDNTYFGYSTPWG

128

TKYHLNGRNSLANPG

8

APKPKANQQKQDDGR

69

NTYFGYSTPWGYFDF

129

LNGRNSLANPGIAMA
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Table 5.2 continued
9

KANQQKQDDGRGLVL

70

GYSTPWGYFDFNRFH

130

NSLANPGIAMATHKD

10

QKQDDGRGLVLPGYK

71

PWGYFDFNRFHCHFS

131

NPGIAMATHKDDEER

11

DGRGLVLPGYKYLGP

72

FDFNRFHCHFSPRDW

132

AMATHKDDEERFFPS

12

LVLPGYKYLGPFNGL

73

RFHCHFSPRDWQRLI

133

HKDDEERFFPSNGIL

13

GYKYLGPFNGLDKGE

74

HFSPRDWQRLINNNW

134

EERFFPSNGILIFGK

14

LGPFNGLDKGEPVNA

75

RDWQRLINNNWGFRP

135

FPSNGILIFGKQNAA

15

NGLDKGEPVNAADAA
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RLINNNWGFRPKRLS

136

GILIFGKQNAARDNA

16

KGEPVNAADAAALEH

77

NNWGFRPKRLSFKLF

137

FGKQNAARDNADYSD

17

VNAADAAALEHDKAY

78

FRPKRLSFKLFNIQV

138

NAARDNADYSDVMLT

18

DAAALEHDKAYDQQL

79

RLSFKLFNIQVKEVT

139

DNADYSDVMLTSEEE

19

LEHDKAYDQQLQAGD

80

KLFNIQVKEVTQNEG

140

YSDVMLTSEEEIKTT

20

KAYDQQLQAGDNPYL

81

IQVKEVTQNEGTKTI

141

MLTSEEEIKTTNPVA

21

QQLQAGDNPYLRYNH

82

EVTQNEGTKTIANNL

142

EEEIKTTNPVATEEY

22

AGDNPYLRYNHADAE

83

NEGTKTIANNLTSTI

143

KTTNPVATEEYGIVA

23

PYLRYNHADAEFQER

84

KTIANNLTSTIQVFT

144

PVATEEYGIVADNLQ

24

YNHADAEFQERLQED

85

NNLTSTIQVFTDSEY

145

EEYGIVADNLQQQNT

25

DAEFQERLQEDTSFG

86

STIQVFTDSEYQLPY

146

IVADNLQQQNTAPQI

26

QERLQEDTSFGGNLG

87

VFTDSEYQLPYVLGS

147

NLQQQNTAPQIGTVN

27

QEDTSFGGNLGRAVF

88

SEYQLPYVLGSAHQG

148

QNTAPQIGTVNSQGA

28

SFGGNLGRAVFQAKK

89

LPYVLGSAHQGCLPP

149

PQIGTVNSQGALPGM

29

NLGRAVFQAKKRVLE

90

LGSAHQGCLPPFPAD

150

TVNSQGALPGMVWQN

30

AVFQAKKRVLEPLGL

91

HQGCLPPFPADVFMI

151

QGALPGMVWQNRDVY

31

AKKRVLEPLGLVEEG

92

LPPFPADVFMIPQYG

152

PGMVWQNRDVYLQGP

32

VLEPLGLVEEGAKTA

93

PADVFMIPQYGYLTL

153

WQNRDVYLQGPIWAK

33

LGLVEEGAKTAPGKK

94

FMIPQYGYLTLNNGS

154

DVYLQGPIWAKIPHT

34

EEGAKTAPGKKRPVE

95

QYGYLTLNNGSQAVG

155

QGPIWAKIPHTDGNF

35

KTAPGKKRPVEPSPQ

96

LTLNNGSQAVGRSSF

156

WAKIPHTDGNFHPSP

36

GKKRPVEPSPQRSPD

97

NGSQAVGRSSFYCLE

157

PHTDGNFHPSPLMGG

37

PVEPSPQRSPDSSTG

98

AVGRSSFYCLEYFPS

158

GNFHPSPLMGGFGLK
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Table 5.2 continued
38

SPQRSPDSSTGIGKK

99

SSFYCLEYFPSQMLR

159

PSPLMGGFGLKHPPP

39

SPDSSTGIGKKGQQP

100

CLEYFPSQMLRTGNN

160

MGGFGLKHPPPQILI

40

STGIGKKGQQPARKR

101

FPSQMLRTGNNFQFT

161

GLKHPPPQILIKNTP

41

GKKGQQPARKRLNFG

102

MLRTGNNFQFTYTFE

162

PPPQILIKNTPVPAD

42

QQPARKRLNFGQTGD

103

GNNFQFTYTFEDVPF

163

ILIKNTPVPADPPTT

43

RKRLNFGQTGDSESV

104

QFTYTFEDVPFHSSY

164

NTPVPADPPTTFNQS

44

NFGQTGDSESVPDPQ

105

TFEDVPFHSSYAHSQ

165

PADPPTTFNQSKLNS

45

TGDSESVPDPQPLGE

96

LTLNNGSQAVGRSSF

166

PTTFNQSKLNSFITQ

46

ESVPDPQPLGEPPAA

106

VPFHSSYAHSQSLDR

167

NQSKLNSFITQYSTG

47

DPQPLGEPPAAPSGV

107

SSYAHSQSLDRLMNP

168

LNSFITQYSTGQVSV

48

LGEPPAAPSGVGPNT

108

HSQSLDRLMNPLIDQ

169

ITQYSTGQVSVEIEW

49

PAAPSGVGPNTMAAG

109

LDRLMNPLIDQYLYY

170

STGQVSVEIEWELQK

50

SGVGPNTMAAGGGAP

110

MNPLIDQYLYYLSRT

171

VSVEIEWELQKENSK

51

PNTMAAGGGAPMADN 111

IDQYLYYLSRTQTTG

172

IEWELQKENSKRWNP

52

AAGGGAPMADNNEGA 112

LYYLSRTQTTGGTAN

173

LQKENSKRWNPEIQY

53

GAPMADNNEGADGVG 113

SRTQTTGGTANTQTL

174

NSKRWNPEIQYTSNY

54

ADNNEGADGVGSSSG

114

TTGGTANTQTLGFSQ

175

WNPEIQYTSNYYKST

55

EGADGVGSSSGNWHC

115

TANTQTLGFSQGGPN

176

IQYTSNYYKSTSVDF

56

GVGSSSGNWHCDSTW

116

QTLGFSQGGPNTMAN

177

SNYYKSTSVDFAVNT

57

SSGNWHCDSTWLGDR

117

FSQGGPNTMANQAKN

178

KSTSVDFAVNTEGVY

58

WHCDSTWLGDRVITT

118

GPNTMANQAKNWLPG

179

VDFAVNTEGVYSEPR

59

STWLGDRVITTSTRT

119

MANQAKNWLPGPCYR

180

VNTEGVYSEPRPIGT

60

GDRVITTSTRTWALP

120

AKNWLPGPCYRQQRV

181

GVYSEPRPIGTRYLT

61

ITTSTRTWALPTYNN

121

LPGPCYRQQRVSTTT

182

SEPRPIGTRYLTRNL

*Peptide array based on AAV8 VP1 sequence:
MAADGYLPDWLEDNLSEGIREWWALKPGAPKPKANQQKQDDGRGLVLPGYKY
LGPFNGLDKGEPVNAADAAALEHDKAYDQQLQAGDNPYLRYNHADAEFQERL
QEDTSFGGNLGRAVFQAKKRVLEPLGLVEEGAKTAPGKKRPVEPSPQRSPDSST
GIGKKGQQPARKRLNFGQTGDSESVPDPQPLGEPPAAPSGVGPNTMAAGGGAP
MADNNEGADGVGSSSGNWHCDSTWLGDRVITTSTRTWALPTYNNHLYKQISNG
TSGGATNDNTYFGYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLSFKL
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FNIQVKEVTQNEGTKTIANNLTSTIQVFTDSEYQLPYVLGSAHQGCLPPFPADVF
MIPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLRTGNNFQFTYTFEDVPFHSSYA
HSQSLDRLMNPLIDQYLYYLSRTQTTGGTANTQTLGFSQGGPNTMANQAKNWL
PGPCYRQQRVSTTTGQNNNSNFAWTAGTKYHLNGRNSLANPGIAMATHKDDEE
RFFPSNGILIFGKQNAARDNADYSDVMLTSEEEIKTTNPVATEEYGIVADNLQQQ
NTAPQIGTVNSQGALPGMVWQNRDVYLQGPIWAKIPHTDGNFHPSPLMGGFGL
KHPPPQILIKNTPVPADPPTTFNQSKLNSFITQYSTGQVSVEIEWELQKENSKRWN
PEIQYTSNYYKSTSVDFAVNTEGVYSEPRPIGTRYLTRNL
(>TR|Q8JQF8|Q8JQF8_9VIRUCAPSIDPROTEINOS=ADENO-ASSOCIATEDVIRUS8OX=202813PE=1SV=1)
5.3 Results and discussion
Evaluating the existing body of literature for antibody targets along AAV8 showed
that many of the targets on AAV are looped peptide segments that protrude outside the
viral capsid as variable regions, therefore 3 peptides were purchased from Elim Bio based
on this notion, variable region VIII (GGYGIVADNLQQQNTAPQIGTVNGC), II
(GGVKEVTQNEGTKTIANNGC)
and
IV
(GGYYLSRTQTTGGTANTQTLGFSQGGPNTMANQGC). These peptides were
chosen, in addition to their relevance based on existing literature, due to their looped
structure that could be recapitulated on a liposome surface through use of the triazine lipids
containing a beta-alanine and cysteamine headgroup (see chapter 2). As such, the peptides
have two extra glycines on the N terminus, and a glycine and cysteine on the C terminus.
One
other
peptide,
encompassing
the
broader
variable
region
IX
430
(GGTPVPADPPTTFNGC), was chosen as a control. While the initial goal was to
generate lipopeptides with triazine lipids, the complexity of synthesis and purification
required abandoning this strategy for the simpler conjugation to a maleimide lipid. After
formulation of nanoparticles containing either free or maleimide conjugated peptides and
the TLR4 agonist MPL, mice were immunized twice and then injected with AAV8TdTomato to assess for transduction efficiency.360
Following immunization, the mice treated with free peptide to display a
quantifiable antibody response against AAV8, as did unimmunized controls (figure 5.3A).
By comparison, free VP1, without MPL, did achieve some immunogenicity. Unlike free
peptides, however, maleimide linked peptides induced an anti-AAV response
approximating that of free VP1. Liposome bound VP1, linked to both DGS-NTA and
maleimide lipid, while not able to achieve the antibody response with actual AAV8 (from
the mice in the non-suppressed group in chapter 4), did considerably increase the antibody
response against AAV8. Furthermore, the mice immunized with VP1 had a considerable
reduction in TdTomato expression (figure 5.3B). Interestingly, even though no anti-AAV8
antibodies could be detected in mice immunized with unbound AAV peptides, there was
still a reduction TdTomato expression, suggesting that either the unquantifiable B cell
response to the peptides was sufficient to suppress transduction, or that a memory T cell
response to the peptides helped suppress transduction.
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Figure 5.3. Response to literature-based peptides from AAV8. A. Immune response to
AAV following immunization with peptides or VP1 protein, alone or conjugated to a
liposome surface with different lipids. B. TdTomato expression following transduction
with AAV8-TdTomato (1e11 gc/mouse), in mice previously immunized with peptides or
VP1. The responses from the mice are compared with untreated animals, or animals treated
with AAV8 in chapter 4. In A, lines represent mean +/- SEM and dots represent individual
animals (n=5, except control mice from chapter 4, in B, two untreated mice were used as
background controls, which were excluded from treatment assessment); in B, bars
represent mean and lines represent SEM. Data were compared by ANOVA against the
unimmunized group (p-*, P <0.05; **, P <0.01; ***, P < 0.001; ****, P <0.0001).

Because the peptides chosen failed to completely suppress transduction with AAV,
we decided to undertake an evaluation of peptides that could be added to our repertoire.
First, using plasma from C57BL/6J mice treated with AAV, an ELISA was developed to
detect the presence of antibodies against AAV8. This assay was then used to detect antiAAV8 antibodies in cynomolgus monkeys treated with AAV8, using plasma donated by
Dr. Ryan Temel from a cohort of 12 animals transduced with the virus. Finally, to find
epitopes that could have a greater translational component, 165 plasma samples from
deidentified blood donors obtained through the Kentucky Blood Center were assessed for
the presence of antibodies against the virus using this same assay. As evidenced in figure
5.4A, all mice previously treated with AAV8, had varying responses to the virus via
ELISA. Some of the monkeys, however, did not display anti-AAV responses despite
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previous exposure to the virus, suggesting either issues with administration, or allelic
differences among the individual animals that resulted in poor immune responses. Among
the 165 human samples assayed, 18.2% had levels of anti-AAV8 antibodies above
background. This value is higher than that reported by Calcedo, et al. but lower than that
reported more recently by Kruzik, et al. for populations in the United States.466, 468
Unfortunately, due to the anonymous nature of our samples and the specificity of their
location (Lexington, KY), it is difficult to assess the relevance of this number in a greater
clinical scheme. To further confirm the presence of these antibodies, reciprocal endpoint
titers (RETs) were performed on the highest mouse and monkey samples, and the 8 highest
human samples. RETs demonstrated that the samples chosen did, in fact, have antibodies
to AAV8, particularly in the mouse samples (figure 5.4B).

Figure 5.4. Evaluation of antibodies toward AAV8 via ELISA. A. ELISA of serum samples
from mice and monkeys treated with AAV8, and human blood donors. B. Anti-AAV8 titers
among highest positive samples across all three species. As the assays performed across
the three species used different species-specific antibodies, statistical analysis could not be
performed in these experiments. Of note, the initial experiments using mouse serum (left)
were carried out using an older aliquot of AAV8, which yielded lower absorbances in these
samples. But as evidenced by the titer and later neutralizing antibody experiments, these
samples actually had a much stronger response than the other two species. The ELISAs for
the mice were not repeated using new AAV due to low availability of samples, which were
needed for titers and neutralization experiments.
Next, to determine whether these antibodies could deter AAV transduction, a
neutralizing antibody (NAb) assay was developed using HEK293T cells and AAV8-GFP.
The samples used for RET assessment were incubated with AAV8-GFP prior to
transducing cells. For mice, the plasma from three bleeds was pooled for each individual
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mouse, to yield better homogeneity when performing biological replicates of HEK293
transductions. As seen in figure 5.5A all five mice had a strong NAb response to AAV. For
the monkey samples, combining samples was not necessary, due to the volume available
for each timepoint. Therefore, monkey plasma was assayed for NAbs at 7 and 14 days after
transfection, which showed no significant difference in the response, suggesting a strong
memory response to AAV, following treatment (figures 5.4B-C). However, unlike with the
mice, monkey serum had to be much more concentrated, as assays had to be started at a
1:5 dilution, rather than 1:20. For the human samples, both serum and plasma samples were
available for each patient. Therefore, both tissue types were evaluated for NAbs, which
showed no difference (figure 5.5D). Furthermore, since several human samples
demonstrated high absorbance in the AAV8 ELISA and the control plate (false positives
responding to possible blocking solution in ELISA), some of these samples were also
assessed and were found, in fact, to have no neutralizing antibodies against AAV (figure
5.5E). In looking at the human samples chosen for their high absorbance in ELISA (1-3
and 5-10), the NAb responses observed were variable, as in the monkey samples, but there
was nevertheless a strong neutralizing response in the samples that were positive in the
ELISA experiments (figure 5.5F).

Figure 5.5. Neutralizing antibody (NAb) assay to confirm functionality of antibodies to
AAV8. A. NAb assay of mice starting at a 1:10 dilution, compared with untreated mouse.
B-C. NAb assay of monkeys treated with AAV8, and one untreated control, at 7 (B) and
14 (C) days after transduction, starting with a 1:5 dilution of serum. D-E. Evaluation of
NAbs in human serum vs. plasma (D) and of false positive samples in ELISA (E). F.
Evaluation of NAb response in human samples, using one negative sample and starting
with a 1:5 serum dilution. Lines represent GFP expression across multiple dilutions for one
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of three experimental replicates of individual samples across, error bars indicate mean+/SEM of three cell replicates.

Following confirmation of the neutralizing capacity of the antibody response in the
available samples, 5 mouse, 5 monkey and 8 human samples were sent to JPT Peptide
Technologies (Berlin, Germany) for evaluation of capsid targets via peptide array. The
following results and figures are part of the report generated by JPT based on the assay run
by Dr. Maren Eckey, at JPT (order number 45318 (PO#27221). An example of a
fluorescence readout image of a mini array reflecting typical microarray incubation of
human plasma is shown in figure 5.6. Co-immobilized human IgG showed an interaction
indicating that the assay worked as expected (bottom row of signals in the figure). In
addition, monkey IgG also gave rise to strong signals which were generated by known
cross-reactivity of the secondary antibody between species.

Figure 5.6. Results of peptide array of AAV8 VP1. A-C. Representative image of a miniarray incubated with the sample Human-6 diluted 1 to 200 (A), Monkey-5 diluted 1 to 200
(B) and Mouse-5 diluted 1 to 300 (C). Colors: black – no signal, shades of red – increasing
intensity of detected signal, and white – detector saturation (=65535 light units).

Evaluation of anti-peptide across species yielded a relatively homogenous response
across the three species, suggesting some degree of homogeneity in the B cell responses
among species (figure 5.7). The response in the mice, as noted in the titer evaluation, as
NAb assays, were much higher and these samples required higher dilution compared with
monkey and human samples. Apart from still a lot of weak signals all over the library, a
few medium to strong signals could be detected. As noted, by Dr. Eckey in her report, there
were considerable differences in the background and number of strong specific interactions
among species. Human sample 1 had particularly high background staining, while peptides
73 and 74 yielded strong signals in the absence of any primary antibody.
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The high background response in the control samples, while discouraging, warrants
further evaluation, as the samples across species seem to correlate with that of mice, where
no significant background was noted. While further processing of data could clarify
whether these responses in monkey and human samples are false negatives, it has been
previously suggested that further processing can introduce errors.469 High background in
peptide arrays has been previously attributed to binding of detection antibodies to different
components of the assay plate, often due to hydrophobic interaction, a phenomenon that
has also been seen more frequently with human samples, than experimental animals.470, 471
While the present set of data on these peptide epitopes need to be evaluated via other
methods, such as ELISA,472 to determine whether these targets are false positives or
negatives, the location of these epitopes suggest novel targets on VP1 (table 5.3 and figure
5.8) that could serve to improve our suppression strategies toward AAV.

Table 5.3. Amino acid regions on AAV8 identified as antibody targets by peptide array
Protein region (aa) Combined sequences
41-67

DGRGLVLPGYKYLGPFNGLDKGEPVNA

241-284

KTAPGKKRPVEPSPQRSPDSSTGIGKKGQQPARKRLNFGQTGD

285-324

DPQPLGEPPAAPSGVGPNTMAAGGGAPMADNNEGADGVG

328-363

WHCDSTWLGDRVITTSTRTWALPTYNNHLYKQISN

373-416

NTYFGYSTPWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLS

444-495

VFTDSEYQLPYVLGSAHQGCLPPFPADVFMIPQYGYLTLNNGSQA
VGRSSF

492-551

SSFYCLEYFPSQMLRTGNNFQFTYTFEDVPFHSSYAHSQSLDRLM
NPLIDQLIDQYLYY

569-628

GPNTMANQAKNWLPGPCYRQQRVSTTTGQNNNSNFAWTAGTK
YHLNGRNSLANPGIAMA

657-696

YSDVMLTSEEEIKTTNPVATEEYGIVADNLQQQNTAPQI

693-752

PQIGTVNSQGALPGMVWQNRDVYLQGPIWAKIPHTDGNFHPSPL
MGGFGLKHPPPQILI

780-811

VSVEIEWELQKENSKRWNPEIQYTSNYYKST

812-838

VDFAVNTEGVYSEPRPIGTRYLTRNL
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Figure 5.7. Heatmap of antibody responses in serum of mice and monkeys treated with
AAV8, as well as human samples with anti-AAV8 antibodies. Heatmap diagram showing
results from plasma sample incubations for all immobilized peptides. For human and
monkey samples, serum was diluted 1 to 200, while for mice a 1 to 300 dilution was used.
Each line represents a peptide, in the order specified in table 5.2. The MMC2 values are
shown as color coded ranging from white (low intensity) over yellow (middle intensity) to
red (high intensity, highest MMC2 value). A black line on each heatmap separates the
control incubations performed on the same slides applying detection antibody -or detection
system respectively- alone.
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Figure 5.8. Display of epitopes on AAV8 VP1 targeted by peptide array, in red. Image
generated using UCSF Chimera using UniProt Q8JQF8 as a template. The first three
sequences identified the peptide array is not included, as the protein structure provided by
UniProt begins later in the protein sequence.

5.4 Conclusions
To generate a consensus of peptides that could recapitulate the immune response to
the AAV capsid on the surface of a lipid nanoparticle, for later evaluation of suppression,
we have first studied literature reported peptide targets. The peptides used from the
literature, while producing a considerable reduction in AAV transduction, did not fully
achieve the suppression of viral transduction in the liver. Because of this, we attempted to
improve upon this strategy through evaluation of a peptide array against the virus, using
plasma from mice, monkeys and humans. The samples used encompass both antibodies
formed either through AAV8 treatment, in mice or monkeys, or naturally, in humans. The
ability of these antibodies to recognize AAV8 differed somewhat across the three species,
with mice seemingly having the highest response in both ELISA and NAb assays, while
the other two species had much more variable responses. These differences could perhaps
be due to the genetic prolife of the mice vs. other species, as well as the environmental
differences encountered by each of these. Interestingly, in the human samples, which
reflect the most natural immune system among the three studies species, the antibody
response observed via ELISA was confounded, in several patients, by the presence of
antibodies reacting with the non-fat dry milk blocking buffer. The presence of these
antibodies highlights the need for strenuous scrutinization of antibody responses in human
assays, which was previously discussed by Dr. David Henson in our lab in his
dissertation.445
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Evaluation of linear epitopes via peptide array across three different species yielded
very robust responses from mice, but not necessarily from either human or monkey samples
warranting further evaluation to determine their role, as well as the translational potential
of these peptide segments. Specifically, experiments such as NAb inhibition,
immunizations for detection of anti-AAV antibodies, and suppression should be performed
to determine whether these peptides could serve as valid targets for liposome-based studies
of AAV. However, it is encouraging that the linear antibody epitopes found through the
JPT peptide assay correspond to several of the previously reported segments along the
AAV surface, including several epitopes along the beta-barrel core motif.430 Furthermore,
while immunizations with peptides or NAb interference assays may yield some information
on the usefulness of liposome bound peptides in a suppressive strategy, evaluation of the
three-dimensional structure of the resultant nanoparticle with crystallography or NMR may
prove useful in determining the best strategy to use for such an approach.473-475
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CHAPTER 6: SUMMARY AND CONCLUSIONS
6.1 Research overview
As discussed throughout chapter 1, lipid nanoparticles offer an outstanding tool to
modulate immunity. Their versatility as amphipathic vectors, liposomes provide an optimal
vehicle for pharmaceutical delivery.217, 302 Not only can they be used to incorporate a large
array of therapeutically active agents, but their composition can be altered to optimize their
utility for different applications, as evidenced by the many approved agents that use
liposomes as a delivery platform (see tables 1.1-1.3) in vaccine, drug, and gene delivery.
In the present body of work, attempts were made to apply various types of liposomal
nanoparticles to understand and improve certain shortfalls encountered in gene delivery.
Gene therapy seeks to introduce missing/faulty genes or remove/decrease faulty
genes directly or through RNA interference (RNAi)280, 287-289 and is largely divided into
viral and non-viral delivery. Viral vectors take advantage of the natural mechanisms used
by viruses to insert genes to the host, while non-viral gene delivery often employs cationic
moieties, such as cationic lipids, to ionically bind nucleic acid and guide it into cells.292, 293
While generally more effective, viral vectors like adeno-associated virus (AAV) have
acceptable efficacy and safety parameters but elicit systemic reactions that lead to
neutralizing antibody production against the vector, limiting their use.287, 290, 291 Non-viral
systems, while usually not immunogenic, struggle with their ability to circulate in vivo and
to achieve tissue specific transfection, since most of them traffic to organs like the liver,
spleen or lungs. Another major obstacle for gene delivery is the lack of processes that
allows these nanoparticles to traffic to specific cellular compartments, like the nucleus,
causing much of the field to transition into RNA delivery.209, 238, 290, 294-299
In the last two decades, the development of ionizable cationic lipids, which allowed
for improved in vivo circulation of nanoparticles and reduced toxicity, as well as the
ethanol loading procedure (or microfluidic preparation), which improved nucleic acid
entrapment in nanoparticles, allowed the field to make some major strides.209 These
advances have allowed for the approval of siRNA and mRNA therapeutics, which have
majorly contributed to patient health. However, the high-cost cationic lipids used for gene
delivery, as well as some of the more novel technologies developed in the field, such as
microfluidic devices, create obstacles for research in the field, especially because many of
these technologies are locked behind patents that limit innovation from new researchers.
This is also true in the field of AAV delivery, where many of the technologies used to
suppress or bypass immunity toward the virus require expensive engineering or the use of
patented technologies, such as the rapamycin nanoparticles from Selecta Biosciences.
In this manuscript some of the concerns associated with gene therapy were
addressed. The first part focuses on the development of a novel class of compounds based
on the triazine, cyanuric chloride, with potential for gene therapy. The second part focuses
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on understanding the immunology of AAV8 and trying to suppress antibodies against it
with the goal of improving transduction with repeated doses of the virus.
6.2 Results overview
6.2.1 Overview of results from cyanuric chloride lipids
One way to overcome the costs of synthetic cationic lipids and commercial
transfection reagents is through synthesis of lipids with chemical entities like cyanuric
chloride that are cost effective and allow for easy modifications to the lipid to be made.351353
To this end, the first portion of this manuscript describes the use of cyanuric chloride to
generate a library of triazine lipids with dialkylamines as tails and various small molecule
head groups. Among the compounds produced, lipids 3, 4, 9 and 10 possessed cationic
headgroups and were evaluated for their toxicity and transfection efficiency in cells and
mice. In HEK293T cells, nanoparticles made with TZ lipids and DOPE, at a 1:1 molar
ratio, led to robust transfection particularly with the compounds made with a shorter lipid
tail, which was expected based on the work of Candiani, et al.352 Lipid 3, in addition to its
in vitro efficacy, showed a tolerable toxicity profile in vivo, based on renal and hepatic
function, which prompted its assessment for in vivo transfections. Using an optimized
formulation, lipid 3 was then used to develop lipid nanoparticles (LNPs) using a
microfluidic device and compared with lipoplexes (LPs) or AAV8 using a GFP plasmid.
While LNPs led to quantifiable expression of GFP in mouse livers, the expression observed
with AAV and LPs was considerably higher, which was unexpected as LPs have been
reported to be less effective in vivo. To validate this finding, another plasmid was
delivered, encoding for human alpha-1 antitrypsin (hAAT), with both LNPs and LPs.
Unfortunately, the cost of AAV8-hAAT did not allow for this additional control to be
evaluated. With hAAT, transfection was again significantly higher with LPs, which led to
transfection efficiencies like those reported with liposomal delivery of this protein.
Next, since hAAT has been previously reported to induce an anti-transgene
antibody response in mice, we decided to assess the immunogenic potential of antitrypsin
transgenes delivered with lipids. On day 14 after administration of the nanoparticles, or of
the free protein in a liposomal solution, the mice were assessed for titers against human
antitrypsin. As expected, the protein administered with lipids yielded considerably higher
titers, particularly in the mice given lipid 3. In the transfected mice, the titers against hAAT
could not be detected in LNP treated mice. However, LPs induced titers similar to free
hAAT in saline. This difference could be attributed to the reduced gene expression using
the LNPs in antigen presenting cells due to PEGylation, a phenomenon that was confirmed
in vitro with dendritic cells and J774 macrophages. While the findings of these studies do
not clarify the role of PEG on anti-transgene immunity, they highlight the need to evaluate
this aspect of PEGylated nanoparticles in immunization.
6.2.2 Overview of results from AAV8 suppression
As evidenced by existing literature and some of the results from chapter 3, viral
vectors provide a more robust method for achieving gene delivery than lipid nanoparticles
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in the context of plasmids.430, 431 However, as mentioned previously, these have the
drawback of being targeted by the immune system, which limits transduction.431, 432 In the
second part of this manuscript a liposome based strategy was evaluated for its ability to
suppress anti-AAV antibodies using doxorubicin loaded liposomes conjugated to the main
surface protein of AAV8, VP1. This strategy was evaluated for its translational potential
through a neutralizing antibody interference assay using VP1 and serum from humans and
was followed by experimentation in mice.
The liposomes used in the suppression strategy were formed using DSPC and
cholesterol with the addition of 5% NTA(Ni)-DGS (NTA) or DSPE-PEG2000-Maleimide
(maleimide or mal.).448 After remote loading of doxorubicin, addition of the protein, and
characterization, the nanoparticles were administered to mice at 8 mg of doxorubicin per
kg of body weight, prior to administration of AAV8-TdTomato. In mice that had been
treated with AAV8-GFP prior to suppression, the antibody response remained intact, based
on absorbance. However, closer evaluation of anti-AAV8 titers, showed that while the
immune response to AAV8 was present in the maleimide suppression group, it did not rise
as it did with other groups treated with AAV8-GFP, suggesting that the suppression
strategy failed to eliminate the existing immune response, but inhibited further activation
of immune responses from occurring. This phenomenon was also observed in the antiovalbumin response used as a control. Interestingly, while the existing anti-AAV8 response
was present in the maleimide group, the anti-VP1 was slightly diminished compared with
other groups treated with AAV8, suggesting that there may be differences in the anti-VP1
and full capsid responses that aren’t recapitulated by VP1. While the studies conducted did
show some promise regarding suppression to VP1, the overall suppression toward AAV
failed, as the mice could not be properly transduced with TdTomato and there were no
differences between the suppressed and unsuppressed groups.
While assessing this liposomal strategy to eliminate anti-AAV antibodies, an
evaluation of AAV8 epitopes was also carried out, via peptide array, with the goal of
finding the most relevant peptide epitopes on the viral surface. For this, samples from mice
and cynomolgus monkeys previously treated with AAV8, and from 165 de-deidentified
blood donors were assessed for antibodies to AAV8. Upon confirmation of antibodies,
serum from 5 mice, 5 monkeys and 8 humans were assayed by peptide array. Evaluation
of the responses to peptides across species yielded several epitopes that were positive
across all three species. Unfortunately, while the response in mice was very strong, the
other two species showed high levels of background noise, requiring further investigation
to confirm the validity of these epitopes as clinically relevant in the anti-AAV8 response.
6.3 Conclusions and future directions
Throughout this manuscript two avenues were explored to attempt to improve
outcomes in gene delivery. One was the development of a novel class of lipids, and the
other was the use of a lipid-based strategy to suppress anti-AAV antibodies. As discussed
in chapters 2 and 3, triazine lipids offer a useful tool for gene delivery with a relatively low
toxicity profile and a transfection efficiency similar to commercially available cationic
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lipids. Based on the findings presented in these chapters, further evaluation of the structure
activity relationship is warranted, including evaluation of the lipid tails, as well as
headgroups. Another key factor to consider is the evaluation of the pKa activity
relationship of these nanoparticles, which has been previously shown to affect transfection
efficiency, as well as the interaction of the triazine headgroup with nucleic acids.
As it pertains to the triazine lipids, two major areas of research that were not
extensively pursued in the present body of work, but should be investigated further, were
small molecule drug delivery and peptide conjugation. Initial experiments to assess drug
entrapment with carboxyfluorescein resulted in formation of insoluble gels with the
compounds. While the nature of this interaction is perhaps worth exploring, experiments
with non-aromatic compounds could show whether triazine lipids can be used in drug
delivery. In the field of immunity, evaluation of triazine lipids and peptide or protein
conjugates are worth exploring. Given the results seen with ApoA-I peptide immunizations
in chapter 2, it is likely that these compounds could serve to improve peptide presentation
on bilayers. Furthermore, given the ability of the triazine compounds to enhance immune
responses shown in chapter 3, there may be a substantial role for the use of these
compounds as adjuvants.
From the perspective of liposomal gene delivery, several questions arose from the
present work. These include the role of PEG on liposomal delivery, which in our studies
hindered transfection when developing lipid nanoparticles, as well as the unexpected
finding that lipid nanoparticles led to reduced transduction compared with lipoplexes.
While many hypotheses can be theorized from these findings, including the reduction in
the interaction between cells and the nanoparticles due to difference in charge or
hinderance from PEG, these findings warrant further evaluation. In addition to the
efficiency of transgene detection, another major area of interest should be the
immunogenicity of transgenes. The studies carried out here used plasmids in hope that the
immune response to the transgene would be diminished. While this was the case with
nanoparticles containing PEG, lipoplexes induced a quantifiable antibody response to
antitrypsin at par with free protein in saline, suggesting that while this method of delivery
may be more successful, it may lead to poorer outcomes down the line. Nevertheless, the
evaluation of immune responses toward non-viral vector transgenes is a field where much
information is lacking, despite the advances made in this area with viral vectors.
During the second half of this dissertation a different approach was taken to
improving gene delivery using lipid nanoparticles. In chapter 4 an attempt was made to
develop a liposome-based strategy to suppress anti-AAV8 antibodies using the main
protein that composes the viral capsid, VP1. While this strategy failed to remove the
antibodies formed against the virus after an initial treatment, the presence of circulating
lipid nanoparticles considerably reduced the development of new antibodies against the
virus and the control ovalbumin immunization. Additionally, while difficult to assess due
to the weak response generated against VP1 by AAT treatment alone, the anti-VP1 in the
maleimide treated group seemed to have been reduced to pretreatment levels.
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These findings collectively show that this strategy could be useful following
considerable tailoring of the immunosuppressive nanoparticles. To begin with, the long
circulation of the nanoparticles must be evaluated if using a protein conjugation approach
that uses PEGylated lipids. Additionally, the liposomal surface must better encompass the
viral capsid, by using entire capsid conjugated to the liposome or through the careful
tailoring of peptides to mimic the virus surface on the liposomes. For the former, using a
maleimide conjugation system, such as that used here, could provide a simple approach to
link AAV to the liposomal surface. For the later, initial attempts were made to study the
peptide antigens, although many of the resulting structures from the peptide array used in
chapter 5 demonstrated the complexity of such an approach and would likely require
extremely complex analysis and engineering of the peptides used. While this strategy
would likely be unnecessarily complex, pursuing this line of work could help increase the
understanding of the behavior of peptides on a liposomal surface. A simpler approach could
perhaps be to evaluate the immune response against an enveloped virus, such as a
lentivirus, as this may allow for the attachment of viral proteins to the liposome surface
and subsequent remote loading of doxorubicin. Additionally, in continuing the present
experiments, it might be useful to assess whether VP1 suppression, following
administration of this protein, could lead to suppression of the anti-VP1 response. These
experiments, in conjunction with ex vivo cell experiments employing lymphocytes and
isolated B cells to determine whether the cells take up the nanoparticles and the
nanoparticles do confer toxicity to these cells, would provide a way to assess viability of
this strategy in a less complex system than using an entire AAV capsid.
As suggested by the work of Naoko Oku and by Selecta Biosciences, liposome
based strategies for immunosuppression provide a tentative strategy for epitope specific
suppression.268, 437, 438 Developing immunosuppressive nanoparticles with drugs such as
doxorubicin, rapamycin, tacrolimus, or others in combination with linker structures, such
as NTA(Ni) or maleimide, could provide a simple strategy to suppress antibodies against
target proteins, either therapeutics like AAVs or biologic drugs, as well as the protein
targets of autoimmune responses. A doxorubicin-based approach, such as that described
here, could prove successful upon further optimization. The evaluation of other drugs, such
as glucocorticoids and other immunomodulating agents could help expand the utility of
this approach, especially in autoimmune and rheumatic conditions.476-481
While many questions remain unanswered, the body of work presented within this
dissertation highlights the utility of liposomes in the field of gene delivery, not only in nonviral delivery systems, but also through supplementary therapies in viral vector delivery.
Moreover, the work presented herein opens many questions to be investigated further and
improve upon current modalities of gene delivery.
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APPENDIX

Figure A1 Intermediate compounds for synthesis of triazine lipids
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Figure A2 1H NMR of intermediate A

Figure A3 13C NMR of intermediate A
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Figure A4 1H NMR of intermediate B

Figure A5 13C NMR of intermediate B
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Figure A6 1H NMR of 2-[(triphenylmethyl)thio]ethanamine

Figure A7 13C NMR of 2-[(triphenylmethyl)thio]ethanamine

98

Figure A8 1H NMR of intermediate C

Figure A9 13C NMR of intermediate C
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Figure A10 1H NMR of intermediate D

Figure A11 13C NMR of intermediate D
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Figure A12 1H NMR of intermediate E

Figure A13 13C NMR of intermediate E
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Figure A14 1H NMR of intermediate F

Figure A15 13C NMR of intermediate F

102

Figure A16 1H NMR of intermediate G

Figure A17 13C NMR of intermediate G

103

Figure A18 1H NMR of lipid 1

Figure A19 13C NMR of lipid 1
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Figure A20 1H NMR of lipid 2

Figure A21 13C NMR of lipid 2
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Figure A22 1H NMR of lipid 3

Figure A23 13C NMR of lipid 3
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Figure A24 1H NMR of lipid 4

Figure A25 13C NMR of lipid 4
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Figure 2.26 1H NMR of lipid 5

Figure A27 13C NMR of lipid 5
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Figure A28 1H NMR of lipid 6

Figure A29 13C NMR of lipid 6
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Figure A30 1H NMR of lipid 7

Figure A31 13C NMR of lipid 7
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Figure A32 1H NMR of lipid

Figure A33 13C NMR of lipid 8
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Figure A34 1H NMR of lipid 9

Figure A35 13C NMR of lipid 9
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Figure A36 1H NMR of lipid 10

Figure A37 13C NMR of lipid 10
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Figure A38 1H NMR of lipid 11

Figure A39 13C NMR of lipid 11
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Figure A40 1H NMR of lipid 12

Figure A41 13C NMR of lipid 12
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